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* This D r i Dissemination

This represents the final report of the research performed for the Office of Naval
Research under Grant No. ONR N-00014-89-J-1787. Although this report is to cover only the
period from 4/1/89 to 12/31/91, we will include selected items from the previous grant No.
ONR N-0014-87-K-0065 in order to provide continuity between the two. By all measures of
performance, this research project has been an enormous success. Over ten major publications
have resulted from this program. Seven of these publications have appeared in Physical Review
Letters. This project has supported two post doctoral students and three graduate students. In
addition, it has contributed to the scientific and professional advancement of associate professors,
C. S. Feigerle of the University of Tennessee and H. P. Saha of the University of Central
Florsida. Two student have completed their Ph.D. dissertation in this program and another is
scheduled to receive his in the summer of 1992.

This program has helped to launch the scientific careers of two former post doctoral

students. Dr. Thomas J. Kavale, a post doctoral student from the University of Missouri, was
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responsible for the studies of Be™ and He;. He is continuing these studies at the Uriversity of
Toledo where he has been very successful in the atomic physics community. Tom has been able
to support his program through DOE. A second post doctoral student from Rice University, Dr.
Howard S. Carman, Jr. was involved in studies of high power Jaser multiphoton ionization
spectroscopy. His studies of photoelectron angular distribution (PADs) for cesium was the first
clear demonstration of relativistic effects on PADs. Howard is now a permanent employee of
the Oak Ridge National Laboratory. Dr. Adila Dodhy, a former graduate student from Auburn
University, was also involved in high power laser multiphoton ionization studies. She is now
employed at the Max Planck Institute in Germany. Dr. Perry Blazewicz, a graduate student
from Yale University, completed his Ph.D. dissertation on multiphoton ionization of rare gases
under the ONR support. He is presently a chemistry professor at the University of Puget Sound
and Pacific Lutheran Coliege.

The research performed on this grant is adequately described in the appended reprints.
The significance of this program is underlined by the large number of Physical Review Letter
articles, publications which are reserved for those studies of significant and wide spread
scientific interest. We will summarize most of these below pointing out only the most significant
results. The front page only of pertinent publications prior to 1990 are included as an appendix.
Experimental and Theoretical Studies of He™ ‘P’ and He; (‘I

Much of our experimental effort has been devoted to understanding the structure and
dynamics of the He™ °P" ion. Previously we had observed its energy level [R. N. Compton, G.
D. Alton, and D. J. Pegg, J. Phys. B 13, L651 (1980)] and measured its auto-detachment
lifetime.

More recently, we have measured partial cross sections [D. J. Pegg, J. S. Thompson,
J. Dellwo, R. N. Compton, and G. D. Alton, Phys. Rev. Lett. 64, 278 (1990)] and angular
distributions [J. S. Tﬁompson, D. J. Pegg, R. N. Compton, and G. D. Alton, J. Phy. B 23, L15
(1990)] for the photodetachment of electrons from the metastable He™ ‘P’ negative ion.

Our studies of He™ “P° were culminated with a recent theoretical study of the
photophysics of He™ *P” [H. P. Saha and R. N. Compton, Phy. Rev. Lett. 64, 1510 (1990)].
In this study the multiconfiguration Hartree-Fork method which includes the effects of dynamical

core polarization and electron correlation was used to calculate the photo-detachment cross
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sections and asymmetry parameter (8, ) for both the 2s and 2p electrons. Excellent agreement
was found with previously measured values in the limited range of the experiment. This was
a tour de force calculation and in the words of one referee, "will become a classic."

Shortly after learning that He; ions had been observed at Stanford Research Institute, we
immediately began studies of the properties of this new and unexpected ion. We were able to
employ fast-beam autodetachment spectroscopy studies of (30 - 65 KeV) He; ion beams in order
to measure the electron affinity of He, (a®C}). We found that He; (“II) in the v = 1 state
autodetz hed to He, (@°L}),., + e. In the center of mass frame this electron energy is
exceedingly small, however, using the kinematic shift of the fast He,™ ion beam allowed us to
accurately measure those electrons which autodetach in the forward and backward direction of
the center of mass system. In order to complete these experiments, it was necessary to measure
the autodetachment energy for the isotope *He; (“Il),., as well as ‘He; (‘),.,. Fortunately,
the ORNL Physics Division had a tank of *He left over from the war years. We calculated that
in order to replace our sample with a commercial source would have cost ~ 10° dollars. From
these studies we obtained an electron affinity of 0.175 + 0.032eV for the ‘He, (a’L}) state by
comparison of the *He; and ‘He; spectra. In addition to vibrational autodetachment we also
observed the novel autodetachment of He; into the He, (x'L,*) + e repulsive continuum. This
last observation has been the subject of numerous recent theoretical calculations.

As a result of the above studies we have conirituted heavily to the understanding of the
properties of He™ (*P°) and He; ('IT). These ions are of theoretical as well as practical interest.
He™ (*P") is used in tandem accelerators throughout the world.

Experimental Studies of Be™ ‘P and Ca~ (4s’4p)*P’

Previously in our ONR grant we reported the first experimental measurement of the
energy level for the metastable Be™ (1s’2s2p’)P state at 2.53 + 0.09¢V. Fast beam
autodetachment spectroscopy was employed in which collisional detachment was used to
accurately determine the electron energy scale calibration [T. J. Kavale, G. D. Alton, R. N.
Compton, D. J. Pegg, and J. S. Thompson, Phy. Rev. Lett. 35, 484 (1985)].

In 1987, we reported the first experimental evidence for a stable negativ: ion of calcium
[D. J. Pegg, J. S. Thompson, R. N. Compton, and G. D. Alton, Phys. Rev. Lett. 39, 2267

(1987)]. This was the first report of a stable negative ion for a group II A element. In addition
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we employed negative ion photoelectron spectroscopy to determine the electron affinity of Ca
to be 0.043 4+ 0.007eV. Many theoretical calculations have ensued which agree with this
electron affinity. A recent experimental value (J. R. Peterson, to be published) places the EA
somewhat lower. Both experiments agree that the EA is positive. This research was cited in
numerous popular press and newspaper articles.

Laser Multiphoton Ionization f Atoms

In addition to studies of laser photodetachment of negative ions, this research has been
concerned with high power laser multiphoton ionization photoelectron spectroscopy of atoms.
Below we will briefly describe the more important results of this research.

In the first study, Ms. Adila Dodhy’s Ph.D. thesis (Auburn University) was devoted to
multiphoton ionization photoelectron angular distributions for alkali atoms. In particular,
photoelectron angular distributions were measured for non-resonant two-photon ionization of
cesium and rubidium atoms just above the ionization threshold [A. Dodhy, R. N. Compton, and
J. A. D. Stockdale, Phy. Rev. Lett, 54, 422 (1985)]. The results compared favorably with
theoretical estimates based upon non-relativistic atomic wave functions. Other papers in this
general area were published.

The Ph.D. thesis of Dr. P. Blazewicz (Yale University) reported the first photoelectron
angular distributions from resonantly enhanced multiphoton ionization of xenon via the 6s[3/2]}
and 6s'[1/2]° states [P. R. Blazewicz, X. Tang, R. N. Compton, and J. A. D. Stockdale, J. Opt.
Soc. Am. B4, 770 (1987)]. Again theory was included in the analysis.

The Ph.D. thesis of ifr. L. E. Cuéllar (University of Tennessee) will include MPI studies
of alkali atoms. One of his studies invoived the first measurements of photoelectron angular
distribution for ns {5 = 8-12) subshells of cesium [L. E. Cuéllar, R. N. Compton, H. S.
Carman, Jr., and C. S. Feigerle, Pry. Rev. Lett. 63, 163 (1990)]. In a separate study Mr.
Cuéllar reported the first circular dichroism effect in photoelectron angular distributions for an
atom [L. E. Cuéllar, C, S. Feigerle, H. S. Carman, Jr., and R. N. Compton, Phy. Rev. A 43,
6437 (1991)]. Both of these studies represent the very first measurements in the field. Other
publications are being prepared. Mr. Cuéllar expects to graduate this sommer.

The benefactors of the ONR grant are very appreciative of the unconditional support of
Dr. Bobby Junker and Dr. Peter Reynolds of the Office of Naval Research. We feel that the
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success of our research is partly due to the flexibilty, interest and support these contract
monitors have demonstrated over the past few years. In addition to the research published,
which is included as publications, we list other measures of success below.

Ph. D. Thesis

Adila Dodhy, "Photoelectron Angular Distributions for Cesium, Rubidium, and
Sodium Atoms using Multiphoton Ionization" Auburn University, 1987.

Perry Blazewicz, "Multiphoton Ionization and Third-Harmonic Generation in Krypton
and Xeron" Yale University, 1988,

Luis Cuéllar, "Multiphoton Ionization of Alkali Atoms" The University of Tennessee,
in progress.

Awards

R. N. Compton, J. W. Beams Award (1991) for studies of negative ions and
multiphoton ionization.

C. S. Feigerle (University of Tennessee, Department of Chemistry) received
tenure and promotion from Assistant to Associated Professor.
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Photoelectron angular distributions from resonantly
enhanced multiphoton ionization of xenon via the 6s[3/2]3
and 6s’[1/2]§ states: experiment and theory

Perry R. Blazewicz

Department of Ghemistry, Yale University, New Haven, Gonneclicat 06520
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Chomical Physics Section, Health and Sufety Research Division, Quk Ridge National Lahoratary, Quk Ridge,
Tennessoe 17631-6125

Received November 24, 1006; ncceptod Jonuory 13, 10087

Photoclectron encegy and angular distributiona are reporied for resonantly enhanced multiphoton jonization
(REMP'D) through the three-photon-altowed Gs[3/2]] and 6+°|1/2); states of xenon at laser-power densitien of ~10"-
10" W/em?. Tonization from three-pholon resonance with the 6s(3/2]; state gives two photoelectron peaks corre-
sponding Lo leaving the ion in either the 2% or the 214 state, 1t s found that the two groups of phataelectrons
have distinctly difforent nugulae distributions, Caleulntions indicate that configuration mixing in the 6s manifold
is important in descrihing the ubserved angular distributions.  REMPL vin the 6s)]1/2]; state gives one main
photoclectron peak resulting from autoionization Lo the 2%, state of the fun. T'wo ndditional peaks of higher-
energy photoclectrons are seen, which are due to the absorption of an additionnl photon before fonization. Strong

core-changing proceases are evident in the spectra.

INTRODUCTION

Measurements of photoelectron angular distributions re-
sulting from multiphoton ionization (MP1) of atoms repre-
senl an active area of research.! When combined with the-
ory, Lhese studies provide much insight into the dynamics of
the ionization process and the wave funclions deacribing the
intermedinte and continuum states.?

Previous reports by Compton et al.* and Miller and
Caompton? have given the photoclectron energy spectrum for
MP1 resonantly enhanced via three-photon resonance with
the xenon 6s{3/2]; state. These have been followed by mea-
surements by Kruit et al.® and by Sato et al.f of the angular
distributions for the photoelectrons produced in this [3 + 2}
ionization.

llere, we report a reinvestigation ol these MPI photoelec-
tron angular distributions and nole features unseen in the
previous reports.  In addition, we report the first observa-
tion to our knowledge of photeelectron energyv and angular
distribution spectra from the corresponding MPI resonantly
enhanced through the 65[1/2]] state. These two resonant
ionization processes yield different photoelectron angular
distributions. The experimental resulls are compared with
multichannel-quantum-defect theory (MQ)Y'T) ealeulations.

EXPERIMENT

A schematic diagram of the experimental apparatus is
shown in Fig 1. The output of a pulsed, amplified dye laser

0740 322 1/R7/050770 05802 00

(Quanta-Ray PDL-2) pumped by a Nd:YAG laser (Quanta.
Ray DCR) has its polarization purified by a Glan air prism
und is focused into the vacuum chamber with a 50- or 38-mm
focal-length lens to a power density of ~109-10' W/em?,
T'he laser beam crosses xenon atoms introduced into the
vacuum chamber through a pulsed nozzle (Lasertechnics,
Inc.). The gas jet from the nozzle is perpendicular to the
laser beam and to the normal to the entrance face of the
electrostatic energy analyzer, ‘The analyzer has a 12.7-cm
mean radius, twice the size of those previously employed in
this laboratory.® This larger analyzer allows for higher
resolution or greater throughput of electrons at a given reso-
lution. ‘The analyzer is operaled in the fixed-pass energy
mode. Photoelectrons selected by the analyzer are detected
with a dual-microchannel plate detector, and the signa! is
preamplified, averaged with a boxcar averager (EG&G PAR)
and recorded on an x-y plotter. ‘The plane of polarization of
the dye laser was rotated continuously with a double Fresnel
rhomb driven by a stepping motor to oblain continuous
angular distributions. MP' of xenon is studied through the
6s{3/2]; state around 440.8 nm using the dye Coumarin 440
and through the 65°[1/2]; state at 388.6 nm using the dye
1.D390.

RESULTS AND DISCUSSION

Figure 2 shows the encrgy-level diagrams, together with a
global picture of the photoelectron energy spectra and angu-
lar distributions, for resonantly enhanced multiphoton ion-

< 19RT Optical Society of America
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AUTODETACHMENT SPECTROSCOPY OF METASTABLE NEGATIVE IONS

T.J. KVALE *, G.D. ALTON and R.N, COMPTON **
Oak Ridge Nanonal Laboratory, Oak Ridge, Tennessee 37831-6125, USA

J.S. THOMPSON and D.J. PEGG *
The University of Tennessee, Knoxwille, Tennessee 37996, USA

This paper is a review of some of our recent measurements on the metastable negative ions, Be~ and He;, using the technique of

fast-beam autodetachment spectroscopy

1. Introduction

Negative ior s are of considerable current interest for
both theoretic d and practical reasons We have devel-
oped an expenmental technique - fast-beam autode-
tachment spectroscopy - which permits us to invest-
gatc the structure of metastable negative ions These
ions are formed when an clectron attaches itscll to an
atom or molecule 1n a metastable excited state to form a
configuration in which the spins of all the active elec-
trons arc alighed Such spin-aligned states are metasta-
ble against autodetachment and if they are the
lowest-lving state of a gisen multiplicity they are also
mctastable against radiatve decayv  Eventually, such
states relax via forbidden autodetachment processes with
lifctimes typicath ~10°* 10 10" * s In this paper we
review some of our recent measutements on mctastable
Be and Hey ions|1.2)

The source of the metastable negative ions studied
using this experimental techmque 1s a fast moving and
unidirectional beam produced by charge chanping a
beam of momentum-selecied positive ions in an alkali
vapor cell The metastabie spin-aligned state 1s {ormed
following the sequential capture of two electrons The
(1s2s2p) ‘P state of He s perhaps the most familiar
state of this type In addition to investigating He (*P),
we have successfully produced and studied analogous
doubly-excited and spin-aligned states such as the

* Present address Department of Phvsics and Astronoma,
The Umiversity of Toledo. Toledo, Ohio 43606, USA

** Alsc with the Department of Chermistn The Unnerun of
Tennessee. Xnoxville, Tennessee 37996, USA

* Also with the Phvsics Division Oak Rudge National
Laboratorv, Bld $500. MS 177, PO Box A\. Oak Rudge,
Tennessee 37831, USA

0168-583X /87 /%303 50 € Elevier Science Publishers BV,

(North-Holland Phvsics Publishing Division) -

(1s7252p?)*P [4] state in the atomic ion, Be~, and the
(1s0l1s0, 250, 2pm, )* 11, state in the molecular ion, He;
by the use of the method of fast-beam autodetachment
spectroscopy.

2, Experimental arrangement

The major components of the apparatus are shown
infiz 1. An accelerator is used to produce a positive ion
beam of the desired kinetic energy. The beam energy is
chosen to efliciently produce negative ions by a
double-clectron capture process in a lithium vapor
charge-exchange ccll through which the positive ion
beam is passed following momentum analysis. The dil-
lerent charge state components in the beam emerging
{rom the charge exchange cell are sefarated electrostati-
cally and the negative jons are deflected by 10* into a
heam linc containing a gas cell, a spherical sector elec-
trostatic energy analvzer, and a shielded Faraday cup
The spatial separation between the charge-exchange cell
and the electron spectrometer corresponded. at the beam
encrpies used in these measurements, io a time delav of
a few microseconds hetween the production of the
metastable negative ion state and the detection of clec-
trons from the autodetaching decay of the state This
arrangement ensures that we are studying onlv those
states that are melastable against both autode:"chment
and radiative decav The gas cell is used to prituce.
when needed. a lugh-pressure region just in [ront oi ihe
spectrometer for the parpose of collisionally strippin,
electrons from the negative jon beam The electron
signal from the energy analvzer is stored in a CAMAC-
based multichannel scalar data acquisition system Three
pairs of mutually perpendicular Helmholtz coils are
used 1o reduce stray magnetic fields in the vicinity of
the clectron spectrometer

I ATOMIC PHYSICS 7/ RELATED PHENOMENA
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Evidence for a Stable Negative lon of Calcium

D. J. Pegg® and J. S. Thompson :
Department of Physics, The University of Tennessee, Knoxville, Tennessee 37996

R. N. Compton® and G. D..Alton

QOak Ridge National Laboratory, Onk Ridge, Teli{gessce 37831
(Reccived 31 August 1987)

We present experimental evidence for the existence of a stable Ca ™ jon formed in the bound.4s24p *P
state. This result represents the first report of a stable negative ion for a group-114 clement. The struc:
ture of Ca ™' was determined by means of photoclectron detachment spectroscopy. The electron affinit,
of Ca was measured to be 0.043 = 0.007 ¢V, which is in good agreement with a rccent calculation.

PACS numbers: 32.80.F'b, 35.10.Hn

In this paper we report on the first experimental deter-
mination of the structure of the Ca ™ ion. We show, ns-
ing photnclectron detachment spectroscopy, that this ion
is stably hound, being formed in the 45 %dp 2P state. This
result is unexpected since in the past it has been general-
ly believed that negative ions of all the group-114 (alka-
line carths) clements are unstable."? The 2522p 7P state
in Be ™. for example, has been shown to lie = 0.5 eV
above the ground state of Be.™* Similarly, the 3s23p 2P
state in Mg ™ has been detected as a shape resonance in
the clectron-atom clastic-scattering cross scction at
=0.15¢v.}

The existence of the Ca~ ion has been known for
some time. Heinicke ef al.,® for example, extracted this
jon from a cold-cathode Penning-discharge source and,
on the basis of time-of-flight arguments, estimated a
lower limit of = 10 us on its lifetime. The ion has also
been produced in double electron-capture collisions be-
tween Ca* ions and alkali-m=tal vapors.™® Calculations
such as those of Kurtz and Jordan,” however, failed to
predict a stable state for the Ca ™ ion but a calculation
by Bunge et al.'® did predict a metastable state, the
spin-aligned 4s4p 24P state. Earlier, we made an unsuc-
cessful search for the electrons that should have served
as a signature of the autodetaching decay of this meta-
stable state. We were successful, however, in identifying
the 252p%*P state at the lighter group-114 element,
Be ™, in similar experiments.!! Subsequently, it was
shown by Beck'? that the lifctimes of the levels associat-
ed with this metastable state in Ca = were reduced to the
subnanosccond range by the strength of the magnetic in-
teractions that drive the autodetachment process. In our
casc the time delay between the production of the ions
and their detection was a few microseconds. It thus be-
came clear that metastable states such as the dsdp?*P
state could not be responsible for the existence of the
long-lived Ca ™ ions obscrved in this experiment and car-
lier by Heinicke er al.® As a result we were led to con-

e~ A —

clude that the Ca ™ ion wis probably stable despite the
lack of theoretical evidence at that time, In a recent cal-
culation involving extensive correlation effects, Froese
Fischer and- co-workers'® predicted that the 4s5%4p 2P
state in the Ca ™ ion is bound by 0.045 ¢V with-respect
to the ground state of the Ca atom.

The present photodetachment spectroscopy measure-
ments were made with the crossed-beam apparatus
shown schematically in Fig. 1. The overall apparatus is
similar to that used in our carlier autoderachment mea-
surements 14" and,a previous photodetachment cross-
section measurement.'® A beam of Ca™ jons was pro-
duced by our passing Ca* ions in the energy range from
60 to 80 keV through a Li-vapor charge-exchange cell,
A study of the production of Ca ™ ions as a function of
beam energy and Li target density has been reported by
Alton er al.® Following a delay of a few microseconds,
the beam leaving the charge-cxchange cell was charge-
state analyzed and the negative component was deflected
through 10° into a beam line containing a spherical-
sector electron energy analyzer. Just prior to the en-
trance of this analyzer the negative-ion beam was
crossed perpendicularly with a photon beam from a
linear flashlamp-pumped pulsed dye laser (Candela Cor-
poration model LFDL-8). The laser was operated at a
repetition rate of 10 Hz and the pulse duration was 2.2
us. The linear polarization ve~tor of the laser beam was
aligned along the ion beam axis. The bandwidth of the
laser was 2 A. A 10-cm focal-length lens was used to
focus the laser beam onto the ion beam. The lens pro-
duced a focal diameter of about 0.2 mm. The maximum
laser power used in the experiment was =05 MW
which produced a power density of = 10® W/cm? in the
interaction region. The optical or ac Stark effect on a
bound-continuum transition is known to be generally
small (except for possible resonances in the continuum)
at photoionization thresholds. Similarly, at photodetach-
ment thresholds the cross scctions are small and any

®© 1987 The Amcrican Physical Society 2267
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Autodetachment Spectroscopy of Meta's

T. J. Kvale, R. N ‘Compton,®-and G- P, Al(on -
Odk Ridgze Natiotial Laboramrv Oak: Rldge.k Tennessee i 783/
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J. S. Thompson.andD. J. Pegg®
The University of Tennessee, Knoxville, Tennessee 37996
(Received 8'November 1985)

Two distinct .lutodetachmcnl channils are observed 'in the clectron cnergy Spcclra of : Hey™

‘formed by double charge exchange of:energetic He, * (30-65 keV) in Illhlum vapor.

A:single nat-

row peak has a center-of-mass .energy of 11.5 2.6 meV, and is attributed to-: v1brat|onal auiode-
tachment le.g., Hep™ (“1g)smy— He"(a 25 ), o+ €], A second broad peak.has a center- of:mass
encrgy of 15.78 £0.13 cV and results from autodetachment of:He, ™ into the lle;(X '2,* ) + e repul:
sive continuum. An clectron affinity of 0.175 £0,032 eV was determined- for the Mey(a: YL state
by comparison of the *He,™ and *He,™ autodetachment spectra,

PACS numbers: JX.80. ", 35,20,V

Ihere has.been considerable recent interest in meta-
stable nepative jons.  Atomic negative ions such as
e (see Alton, Compton, and Pegg'), Be~ (sce Bae
and Peterson? and Kvale er al?), and Li~ (sce Brooks
et al®) have received the most attention. Particular.at-
tention has been devoted to theoretical studies of
I'eshbach resonances of atomic systems.® Long-lived
(r~ 107 4) polyatomic negative ions are known to
exist as electronically or nuclear excited Feshbach res-
onances® and lifetimes for many of these systems have
been measured.  Although a few metastable diatomic
negative ions are known to exist. little is known about
the cnergy levels and autodetachment lifetimes of
these species. One notable exception is the study of
the autodetachment of C,~ by Hefter et al.’

In this note, we present the first experimental data
on the structure of Hey ™ obtained via autodetachment
spectroscopy of a fast He, ™ negative-ion beam, Two
very distincet autodetachment processes are observed,
one involving  vibraticnal  autodetachment and a
second process that we call “‘excimer autodetach-
ment™ which involves detachment into the He('S)
+He('S) + ¢ continuum, The high resolution possi-
ble in the center-of-mass system for most light species
(<10 meV), along with the ability to study ultralow-
~nerey clectrons, establishes this technique as a power-
ful method ol molecular spectroscopy.

Long-lived metastable negative-ion beams of le,”
have rccently been produced by Bae, Coggiola, and
Peterson® by using double charge exchange of He,*
ions with cesium vapor. The clectronic structure of
Hes™ was subsequently investigated by Michels? who
lound the ch'(Jllg)(lmrél.s(r“Z.s‘(rgZ/mu) state {0

be bound relalive to the lowest {riplet state
Hey'la*y)) by 0233 ¢V These calculations further

show that the He,™ ‘S (1sodlso 250, 250,) nega-
tive-ion stale is unhnund rclauvc 10 the Hc; (a'sH)

-y

\\):)

state for interpuclear. separations 6 A. For mtcrnu-~
clear separations near ithe polcmlal minimum (~1
A), the He,™ 437 state tracks sufficiently close.fo:the.
ch'(a’z ) state that it was not possible to deter-
mine whether this state is stable, More extensive cal
culations on this-potential show-that: the ‘E* state is
unbound at all internuclear separations.'® Bac. Cog-
giola, and Peterson® cstimated autodetachment rates
for He,™ and observed some ions with lifetimes
exceeding, 10™* s and others with lifetimes.of less.than
10~% 5. These authors point out-the possnbnluy of de-
cay of an ensemble of melastable. rovibronic states of
HC)-.

Experimental details can-be.found in previous pubh-
cations.? Briefly, a He,*-ion beam formed in a
hollow-cathode positivé-ion source was accelerated to
30-65 keV and momentum analyzed by 2-90° bending
magnel. The He,*-ion beam. was then focuscd
through a lithium-vapor charge- exch'\nge cell located.3
m from the bending magnet and + m.from the elec-
tron spectrometer. The positive, ncgauvc. and neutral
particies emergent from the lithium-vapor cell were
electrostatically separated upon entrance into the ex-
perimental chamber. He,™ ions passing into. the
chamber were deflected by 10° into the electron spec-
irometer. The electrostatic charge-state separation sys-
tem was also effective in eliminating lower-energy
ion-beam fragments which could be produced by col-
lisional processes. By adjustment of the deflector po-
tential, a lower-intensity He™ (*P°) beam, resulling
from the breakup of Ile,* in collisions with lithium,
was also observed. The autodetachment spectrum for
this beam was identical to that reported for He~ (1P°)
previously' and was used to estimate the electron ener-
gy resolution of the spectrometer. Electrons cjected in
the forward and backward directions from the motion
of the ion beam were cnergy analyzed by a 160°

A1OR6 The Amencan Physical Society
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Phatoclectron angular distributions have béen measured for:nonrésonant two-photon. iomzaubn
of cesium and rubidium atoms just above the ionization- (hreshold Thc .photaclectron cnerglcs
ranged from 25 to 100 meV. Thie resulis are compared, with théorctical estimates’ bnscd on ronrcld-
tivistic atomic wave functions. Initial results are also presented for abave:thresholdsionization-in

cesium,

PACS numbers: 32.80.1h, 32.80.Rm

Multiphoton ionization (MP1) of atoms promises
ncw insights into various problems of atomic structure
and dynamics.!"? Perhaps the niost powerful approach
is the measurement of differential cross. sections, =0
where the angular distributions of the photoejected
clectrons provide data not only on the magnitudes of
the transition amplitudes but also on their relative
phases. In addition to providing information about the
scaucrmg phase, thus complementing single-photon
studics,'! such measurements also test our theoretical
understanding of high-order bound-free transitions in-
volving sumis over virtual intermediate states,'?

Studies of photoelectron angular distributions for
alkali-metal atoms have been limited to cases of
resonantly cnhanced MPI*-6:8.1% or higher-order non-
resonant processes.”!* ¥ In this paper, we report pho-
toelectron angular distributions for nonresonant two-
photon ionization of ce-um and rubidium atoms
where the photoejected ¢ “ctron has an energy in the
range ~— 25-100 meV. Figure 1 shows the jonization
scheme for both alkali metals, The first photon lies
between the 6p and 7p states for ce~ium and between
the Spand 6p states for rubidium.

Our measurements are novel-in two respects. First,
we have studied photoelectron angular distributions in
a region very close to the ionization threshold. This is
difficult experimantally because of the very low energy
of the photoelectrons under consideration. Second,
we report photoelectron angular distributions for
above-threshold ionization of cesium and compare
them with theoretical predictions. Such processes
have been observed by others in xenon'*~!® and cesi-
um? but only in higher order (order 5 in cesium and
=6 in xcnon).

Details of the experimental apparatus have been
described recently!® in conjunction with resonantly
enhanced MPL. Briefly, the output from a Nd&:YAIG

(yttrium-aluminum garnet) pumped dye-laser (Quinta
Ray, DCR:Il, PDL-1) was crossed-orthogonally by a
thermal alkali-metal beam. The dye-laser pulse dufa-
tion was § ns and-the bandwidth- was 0.02 nm. Tlie
laser was focused to a power density of 108 W/em? by
a 35-mmv lens. The power density was an order of
magnitude greater when -electrons from above-
threshold ionization were 9(ud|ed The.plane of polari-
zation of the laser was rotated by a double-Fresnel
rhomb. Photoclectrons emerging perpendicular to the
propagation vector of the laser beam-and within +2°
were energy analyzed by a 160° spherical-sector elcc-
trostatic energy analyzer. They were then detected by

NN R ¢
NN NN\
30~ ’
- —_—t——6p %P
‘e —— 7P
© 20
"
Q
5 —_—)_5p %
g | —1 e P
Yo |-
w
L 6 2 2
o) ——de .65 °S —_t .55 °S
{a) V2]
FIG. 1. Encrgy-level dingram showing the excitation

scheme leading to ionization for nonresonant two-photon
jonization of (a) cesium atoms and (b) rubidium atoms.
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We report the first expcrlmcnl'\l measurements for the encrgy. level of a metastable state of. Be ‘
The ions were produced in sequential charge-éxchange collisions: between. 50- {o- 60 keV- Be+ ‘ions e

The center-of-mass energy of autodetaching electrons was found to: be

2.53 £0.09 ¢V. This result is in good agreement with previously calculaied values for the

and lithium vapor.
Be~ (1532s52p1)* P-state energy.
PACS numbers: 32.80.Dz, 35.10.}n
In this paper, we report the observation of a peak in
the Be™ autodetachment electron-encrgy spectrum

which is a signature of the decay of a metastable beryl-
lium negative-ion  state.  These  measurements
represent the first time that the energy level of a
long-lived metastable state has been experimentally
determined for negative ions of the group A
(alkaline-carth) elements. In fact, limited experimen-
tal information is available on the structure of any
metastably bound atomic negative ion. Notable excep-
tions to this include e ™, which is a classic example of
a spin-aligned metastable negative ion (sce, c.g., Al
ton, Compton, and Pegg'); resonmance studies from
clectron-atom scattering experiments (see, e.g., Bur-
row, Michejda, and Comer?); and Li~, in which pho:
ton emission was obscrved between high-lying meta-
stable states of the negative ion (see. c.g., Brooks
et al.). The fundamental nature of Be™ makes it of
considerable experimental and theoretical interest. As
carly as 1966, the ion was reported™®’ 1o be present in
mass spectra of jons emitted from direct-extraction
negative-ion sources. Since the first observation of
Be~, experimental values for production efficiencies®
and autodetachment lifetimes’ have been reported. In
recent measurements on the autodetaching decay of
Be~. Bae and Peterson’ have shown that the ion has at
lcast two distinct lifetime components of ~ 104 and
~ 10755,

Most theoretical studies indicate that Be™ is meta-
stable, > although early theoretical calculations!4-16
suggest that Be™ (15?25335)”S is bound with respect to
the ground state, (1s2s)'S, of beryllium. Recent
theoretical calculations do not predict the existence of
a stable Be™ state but predici the existence of two
states, both metastable against autodetachment, which
lie below the first ionization threshold of neutral
beryllium—Be™ (152252p)*P which is bound with
respect to Be(1s¥252p)’P°, and Be™ (1s22p’)4s®
which is bound with respect to Be(i522p?)*P. The ra-
diatively allowed *S®— *P transition is predicted to oc-

484

cur at either 263.8 nm (Ref. 9), 267.1 nm-(Ref. 12),
or 265.4 nm (Ref. 10), R’ld:auon from this' 1ransnion .

was searched for by Andersen'’ without. 'success. A
third metastable state, Be™ (1s252p°)S®;, has also
been predicted.”'? This state, however, liés energetis.
cally outside the present experimental fange [-s-100
eV from Be(15%252)1S). Other Be~ ion states haveé
also been theoretically studied. For ws(ance. the
Be~ (15%25%2p)?P conliguration is. predicted'® to be.a
shape resonance; however, the lifetime of this-state is
too-short to be:studied with.the present apparatus.

Theoretical calculations of the structure of negative
ions are particularly difficult since the clectron affini-
lics are typically of*the same magnitude as the differ-
ence in corrclation cniiergics between the alom and ion.
Even so, most of the present information concerning
metastable negative jons, other than Ha™, has been
provided by theoretical studies of open-shell-excited::
slate negative-ion configurations. The-first theoreticai
investigations of the structure and binding energics
(electron affinities) for the group 14 elements Li~,
Na~, and K~ and the group 114 clements Be~ and
Mg~ were made by Weiss® who employed variational-
superposition techniques. The Be™ ijon was predicted
to be bound relative to the neutral atomic
(152252p)°P° state by 240 meV with the most likely
configuration postulated to be Be™ (152252p?)*P. This
configuration is metastable against autodetachment
by spin-forbidden transitions—analogous to the
(15252p)*P° state of He™~

Configuration-interaction calculaiions have been
employed by Bunge er al.? in a search for possible
bound exciled negative-ion state configurations for the
clements hydrogen through calcium. The results of
these investigations indicate the existence of two me-
tastable states of Be™ —the Be~ (152252p?)*P which is
bound relative to Be(152252p)*P by 285 meV, and
Be~ (1522p°)'S° which is bound relative to the
(1522p?)* P atomic state by 262 meV.

The fine and hyperfine energy separations, as well as

© 1985 The Amcrican Physical Society
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Resonance-enhanced and nonresonant five- and six-photon jonization of NO.was studicd using.
angle resolved photaclectron spectroscopy. The.(3 < 3) resonance-enhanced multiphoton
ionization photoclectron'spectrum (REMPI-PES) of NO via the 423 ' (v =0) level yielded a.-

distribution of clectron encrgics cortesponding to all accessible vibrational levels (v !

‘= 0~6)

of the nascent ion. The obscrved encrgy distributions suggest near resonant enhancement due
to vibrational levels of the 2 *E™ and C I states at the fourth photon level. Angular
distributions of photoclectrons corresponding tov ' = 0and v? =3 (1otationally unresolved),
were significantly different, perhaps reflecting these different pathways, Tlie (3 - 2) RLMPI
via the 422 ! (v = 1) level produced only one low-énergy electron-peak corresponding to

v = [. Noonresonant-MPT at 532 n yickded a distribution of photoclectron cnergics
corresponding o both four- and five-photon ionization. Prominent.peaks in the five-phiotoi
ionization photoelectron spectrum show that near resonant enhancement occurs via the 4 23 ©
(0=15),thc C211(v=2) and the DT ' (v == 1) stalcs at the threc-photon level: This study
amply demonstrates the utility of angle resolved MPI-PES in understanding high-order
multiphoton imiization processes. Finally, measurements of the ratio of.NO ¥ jon signal for
circular and lincar polarized light when tuning near the 4 rw=0)and 43 (v=1)

levels are reported and compared with theory.

INTRODUCTION

Resonance-enhanced multiphoton ionization photo-
electron spectroscopy (REMPI-PES) has become an estab-
lished tool for probing the photoionization dynamics of
atoms and molecules."? In principle, measurements of pho-
toclectron angular distributions (PEADs) ina REMPI pro-
cess can provide information about both the dynamics of the
bound-continuum transition and the alignment of an opti-
cally prepared intermediate state. To date, MPI-PES stud-
ics of diatomic molecules have included only a half-dozen or
so molecules (H,, N,, 0,, CH, CO, NO, I, Br,, and Cl,).
Of these, NO has received the major attention due toits low
ionization potential and rich electronic structure. MPI-PES
studics have been reported for approximately sixteen elec-
tronically excited states of NO (sce Ref. 2).

The one-photon absorption spectrum of NO is very
complex and consists of intense Rydberg series and long vi-
brational progressions of valence slates. Jungen® has used
such spectra to show that the single gronnd state valence
clectron can be closely represented as a united atom 3dm
clectron with a small 2pr admixture. Consequently, the in-
tensitics of one-photon np and #f Rydberg serics are much
targer than the #s and ad series. As a result of the mixed
character of the ground state, multiphoton transitions to up-
per Rydberg states aic allowed for all even or odd numbers

™ Research sponsored by the Oflice of Health and Eovaonmental Re-
semvel, US Depattment of Energy wndee Contract Noo DF-AC0S-
AOR2 00 with Mastin Mavictta Encigy Systems, Inc.
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of. photons. The pioncering studies of Johnson and co-
workers® have amply illustrated-this property-of NO. The
A Xt stateis the lowest member of the Rydberg sérics coi-
verging to the ground ionic state, and numecrous REMPI-
PES studies have been performed for the case of (1 4+ 1) and
(2 4 2) REMPI-PES. In this paper-we report the first study
of (34 3)and (3 +2) REMPI viathe 422" state.

EXPERIMENTAL

The apparatus and experimental techniques have been
described previously® and will only be briefly mentioned
here for completeness. The lascr beamss used in these studies
consisted of: (1) the frequency-doubled output (532 nm) of
the fundamental (1.06 ;) of a Quanta Ray DCR Il
Nd:YAG oscillator amplificr and (2) the tunable output
from a Quanta-Ray PDL-2 dye laser operating with LDS
698 dye for A2 ' (v=0) studies and DCM for 4’3"
(v =1) studies. In both cases the laser beam was focused by
a 50 mm focal length lens to a peak power density of ~ 10°
W/cm. The beam was focused into a pulsed, supersonic jet
of neat NO gas directly in front of the entrance aperture of a
7 cm radius spherical sector clectrostatic energy analyzer
operating with a theoretical resolution of ~0.02 eV. How-
cver, due to space charge effects and possible laser power
broadening, the resolution is ~0.15 eV, Although the actual
clectron signal was low in these studies compared with simi-
lardatafor (1 § 1)or (2 | 2), REMPIviatheA 22! state,
the relatively poor electron encrgy resolution is probably re-
flective of the fact that most of the signal originates during

© 1989 American Instilile of Physics 1307
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‘the high intensity “spikes! knawi:lo g)Ccll‘r‘(ilxl ing‘»thé‘lhéc’t
-pulse: diraiion. Tlic:aclual: Signal-wasg: wcr.lgcd over ~ 10.

faser flashes. In ofderio observe.and: |ccor(l signal, it was
imperative to operate the. l.\qcr al.its maximum mtcnsnty It
was also necessary to maintain fresh. dyc solution in'the dye
laser in order o optimize the output.

NO ! ions could also be obscrved-using a ~ 20 cmitime-
of-flight mass spectrometer. A Tektronix digital oscillo-
scope was used to record the TOF speetra. Uirder the condi-
tions of our nozzle cxpansion, maderale cooling was
occurring. This proved relatively uiimportant due to the
extreme line broadening observed in -the wavelength-re-
solved spectra at the power densitics employed.

Studics of REMPI of NO comparing circularly polar-
ized light with lincarly polarized light were carried out using
a Solcil-Babinet compensator to obtain the desired polariza-
tion. For the angular distribution measurements, a double
Fresnel rhomb polarization rotator was used.

RESULTS AND DISCUSSION

Multiphoton ionization photoelectron spectroscopy
using linearly polarized light

Figure | depicts the various four-, five-; and six-photon
jonization processes studied in this work along with some of
the states involved. The dependence of the NO ' signal as a
fw..ction of wavelength for six photon ionization of NO in
the region where threé photons are in near resonance with
ihe A’ 1 (0 =0) slate is shown at various laser powers in
Fig. 2. Even at the lowest powet, the speetra show no rota-
tionally resolved states but rather a beoad continuum which

1 i
12 R | | |
No+ _[—
x'st
/////.:_/_/—_/'J)z/z
8 -]
224’ [
c?n - aei--
- v={ -
22+ v:o-’“_ —
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x2n \v/
0 |- - L —
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FIG. 1. Hlustiation of the five- and six-photon malpheton tonization pro-
cesses studiced i this paper
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F1G. 2. Laser power dependence of the NO' jon signat abserved when
tuning the liser wavelength near te three-photon allowed A 'Y * (0 = (1)

* state. Similar spectra weie recorded when tuning near the three-phioton ale

lowed 4 1S (v = 1) state near 648 nm (laser wavelength),

shifts to shorter wavelength as the laser power increascs,
Very similar, broad spectra, were recorded at the 422
(v=1) stale.

For purposes of discussion, the generalized N-photon
ionization rate can be writien using the lowest order time-
dependent perturbation theory as:

R=6yF", (n

where oy is the generalized N-photon jonization cross scc-
tion with units of cm® sec¥ and Fis the photon flux in units
of photons cm ~?s = . &, is obtained by first calculaling a
summation of all the matrix elements coupling the ground
state to the continuum over all of the possible resonant inter-
mediate states divided by the detuning of the N photons with
each encrgy level. This complicated sum is then squared to
obtain &y. In addition, the ground and excited state energy
levels of a molecule will shift in the presence of elcctromag-
netic radiation as a result of the ac Stark effect. In general,
theshift of a particular level k depends upen the energy of all
other levels and can be approximaled by first-order pertur-
bation theory as
7 12 2
S‘= < I’LII + “ II , (2)

iy -0 o Gl - —@

where ¥, is the component of the Hamiltonian coupling
state /and k. The ac Stark effect coupled with possible satu-
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ration cffects at the three-photon level are assumed to ac-

count for the broadening and shifting of the REMPI spectra

shown in Fig. 2. The many photons involved in the present

study coupled with the resonance involved at the three-pho-

« ton level, the ncar resonances at the four- and five-photon
levels, and the known autoionization structure at the contin-
wum six-photon level makes a theoretical analysis of this
problem |solution of Eq. (1), subject to Eq. (2) | a formida-
ble task. Zakheim and Johnson® used Eq. (1) to discuss the
problem of (21 2) and (34 1) REMPI of NO where one
resonatcee and other near resonances were involved, They
argued that this treatinent predicts that & for both process
would be ol comparable magnitudes whereas the experimen-
tally abserved MP1signal for the A4 72 ', Jwr state is at least
two orders of magnitude targer than any three-photon reso-
nance. They concluded that “a kinetic rate equation deserip-
tion provides a basic framework for the interpretation of
multiphoton ionization speetra initiated by a pulsed, multi-
made dye laser,”

The fact that the observed wavelength speetra are broad
and rotationally unresolved both simplifies and complicales
the analysis ol the data picsented. Since thereis no rotational
stracture, angular distributions were only 1ccorded over the
width of the broad structure, not for different rotational
states. I is important to note here that the photoclectron
angular distributions and the measurements of linear to cir-
cular poluized light ratios were / latively insensitive to tun-
ing within the Stark shifted protuc.

Figure 3 shows a representative photoelection speeteum
(PES) obtained for (3 - 3) REMPL via the v = 0 level of
the A2 " state at 676.2 nm (laser power ~ [4 ml). The
basic overall spectrum did not change whea tuning to other

| I | ] 1
vt= ¢ 4 2 0
1T 1T 1T 7]
l:\. -
i
1 |
5 P ’
- A
= (N i
: - S
z | i P
- Jod o
SRS ] o
1 AONER 3 !
VA t ‘l,‘:'..".'.l-' i
e i Yy
| ] | ] |
0 1 2

PHOTOELECTRON ENERGY (eV)

FIG 3 Multiphoton jonization photoclection spectium MPLPES of NO
when tuning the laserat 676 2 mn (see Fig 2) such thatthe 1S (v =0}

levelis near the thiee-photon excitation region. Laser power is ~ 14 ml/
pulse

ing to leasing NO* inther*
ionization of NO
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wavclengths within the resonance, althougli the peak
heights varied and at some wavelengths v ' =2and"4 ap:
peared. Ducto the Rydberg character of the 4 23 ' state, the
Franck-Condon principle predicts that ditcct ionization:of
the v = 0 level-would produce only the v ¥ = 0 level of the
ion with observable intensity. Althoughv ' = Qis the strom-
gest member of the scries, the appearance of higherv ! levels
of NO ' thus suggests the contribution of additignal ioniza-
tion mechanisms, as discussed previously for (2 4- 2) and
(1 + 1) processes.™” The occurrence of ~0 ¢V clectrons has
been discussed by many authors (see Refl 2) for (1 - 1) and
(2 -- 2) REMPI and has been ascribed to autoionization
and/or Rydberg-valence mixing. Such slow clectrons have
been observed in one-photon ionization as well.* In the pre-
vious studics of (1 -+ 1) or (2 - 2) REMPT it was nol possi-
ble to solely implicate states at the three-photon level. In the
present case, the four-photon level is near thé fow vibrational
members of the C?H and DI states, and e can directly
observe their influence on the PES, Close inspection of Fig. |
shows that the fourth photon for the (3 -- 3) process via the
AT (" =0) state is in near resonance with the v =13
level of the C state. The fourth photon is also in near reso-
nance with the v = 7levelof the 4 22 ! statcand v = 3ol D?
2! state. Such resonances are expected to play some role in
the occurrence of 0 ' = 6 and 5. Possible mixing at the fifth
photon level might complicate the dynamics further. Thus
the occurrence of v ' =0 and v " = 3 are: ascribed to near
resonances of the third and fourth photon with the 4°3 !
(v=0) and C?11(v == 3) levels, respectively.

Photoclectron angular distributions, PEADs, were de-
termined for clectrons corresponding to v ' = 0 and 3 and
are shown in Fig. 4. Figure § shows a typical angular distri-
bution measurement (fore ' = 0) illustrating the quality of
the data representing measurements as a function of angle
for 8 =0 to 27 Each angular distribution measurement

PHOTOELECTRON SIGNAL (arb.)

0 /2
ANGLE, @ {radions)

FIG.4 Photoclection angul disttbutions for photoelectrons correspond-
- Yand p

— O states following six-photon
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0 /2 " 3/ 2r
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FiGi, 5, Representative meassuements of the angutar distributions for six-
photan iogization of *20 leaving the NO ' donin then ' == 0 level,

0 = 010 2 took about 5 min, The signal slowly falls off as a
result of degradation of the laser dye, The point by point data
shownin Fig. 4 represents the average ol many such distribu-
tions. The angular distributions shown in Fig. 4 were fit us-
ing a least-squares procedure, to a Legendre polynomial ex-
pansion

1(0) = Z oy Py (cos 0) (3

-}
where N is the order of the ionization process. 1t was found
that inclusion of terms up to P, (cos @) were necessary fo fit
the data;

v' =0
l(0) = 1 1.23(D) Py - 0.16(2) Py -+ 0.22(3) P, 4
=3

1(0) = | - LO7(1) Py — 0.34(1) P - 0.13(1) P, (5)
where uncertainties of the fit are shown in parentheses. This
contrasts with recent (1 -+ 1), PEAD mcasurements via the
A2 (v =0) level for which the data were fit by including
only the 2, term.” Earlier measurements of the (2 - 2) an-
gular distribution did require terms of order 2, and P,.'"" In
the present experiments, terms up to order 12 are possible
although only terms up to P, were nccessary. The most dra-
matic difference between the distributions in Fig. 4 is the
sign of the P; coeflicients. Further theoretical investigation
is necessary to determine if this differcnce might lead to a
better understanding of the ionization mechanisms involved.
Our data indicate that one (v' =0)isa (3 | 3) REMPI
process and the other (v =3) isa (4 1 2) REMPI pro-
CCSS.

The (3 +2) REMPlolthed 22 ' o = 1) level at 644.1
nm produced only one clection peak coiresponding to v’

I, indicating ditcct ionization. In this case the fifth pho-

"PHOTOELECTRON ‘SIGNAL (gri?;)i

ANGLE,8 (radians)’

I‘IG 6. Photoclection anngular disiributions for (3.1-2) REMIM:vin the
A3 (v=1) state. The solid line represents Eq. (6) mul!llcdmhcdlme is
an attempt to it to anly 2, (cos 0).

ton is only sliguily above the v ¥ = I:thiresliold,-and chan:
nels leading to higher vibrational- fevels of the:ion are not
accessible. In order to fit the PEAD, it. was. neeessary-ta:
include terms up to P, (cos 0):

() = 1} 1.54(2) P, - 0.32(2) P, (6)

 Figure 6 shows.the measured PEAD aloiig with a fit to only

P, (cos 0) terms (dashed line). The solld lineis ihe fit ol Eq.
(6). Unlike the casc of (3 4 3) via the 423" , the PEADs
are almost represented by a simple cos? @ dlstnbutlon.

We have also recorded a nonresonant MPI-PES spee-

trum of NO using the sccond harmonic of the Nd:YAG fa-

ser. In addition to studying the basic processes-involved, it.
was felt that such a spectrum would be useful as a calibration
spectrum for future MPI studies. Figure 7 shows the PES
resulting from “nonresonant” MP1I at-532 nm. We.use the
term nonrcsonant in quolations because the PES reflects
near resonant contributions of upper states, Four photons
are suflicient to ionize NO at this wavelength (0.06 eV above
the v* = 0 threshold, sce Fig. 1), and a very intense low
cnergy clectron peak is scen in the PES. In-addition, scéveral
weaker peaks are observed at cnergics consistent with ab-
sorption of five photons, leaving the ion predominantly in
thev ' = {,2,and 5 vibrational levels. We notein Fig. 1 that
the third photon energy is within ~800cm ' of the 4 22!

(v="5) Cir(v=2) and D3 * (v'=1) levels of NO. The
MPI-PES clearly shows the importance of these resonances
in the overall ionization mechanisni.

Muitiphotonionization using both linearly and circularly
polarized light

A Solcil-Babinet compensator was used lo continuously
change the polatization of the laser beam from lincarly to
elliptically to circularly polarized light. The purily of the
circularly polarized light was delermined to be greater than
98% (diffcrence in the major to minor axis was less than
2%). The cficets to be repoited here are too large, and the
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FIG. 7. Fowe and fivesphoton fonization photoclection spectinm of NO
using the second hasmonic (532 mn) of the N YAG laser

error bars significantly great that such uncertaintics in po-
larization arc of no consequence in the measurements.

For the case of (3 -I- 3) REMPI viathe 423 ' (v=10)
state, the ratio of NO * jon signal for circular light to lincar
light (0 /0,) was determined to be 0.34 -1 O.1. ‘This mea-
surcment was determined at 4 = 676.16 nm at a power of 14
ml/pulse (sce Fig. 2). However, no detectable difference
was abtained at other power levels or wavelengths wnthm the
ac Stark shifted levels.

The ratio of signal for circularly polarized light to lin-

early polarized light for (3 - 2) REMPI via the 433!
(» = 1) state was determined to be 0.11 4- 0.05. Thus, the
ratioe, /oy, for the (3 -+ 3) REMPIvia thev = 0 level of the
Astateis approximately three times larger than that from the
(3 -1- 2) process via the v = 1 level. More inteiestingly, 0./
o, for both cascs is considetably less than one.

Lowest-order perturbation theory has been employed to
cxamine the question of the ratio (v, /0,)) for low order N
and low power laser MPL (Sec, c.g., Ref. 11.) In these stud-
ies the maximum values obtained for N = 3 was 5/2 and for
N = 2 was 3/2. Klarsleld and Maquet'” obtained a general
prediction for N-photon ionization at low order:

Grmm (7)

Fquation (7) reduces to 3/2tor ¥ =2 and 3/2 foi N= 1.
These tesults have been obtained from lowest order pertur-
hation theory and ate only appropriate for low faser intensi-

ties and/or large detunings from resonince. There aré-a
number of cascs where g, /o, have been measured for’ low
order (N < 3) MPI for atoms. The difficulties in treating the
case of two-photon ionization of cesium atoms via a quadru-
pole transition at various laser powers has been treated re-
cently both theoretically and experimentally" and illus-
trates the complexitics involved. Further examples arc also
provided in Ref. 13.

We note that for low valucs of N, o, is greater than o,
This represents the fact that for low order the transition into
the continuum for linearly polarized light can have two pos-
sible contributions Al = - 1 which under proper conditions
may interfere with one another, making @, (where Al can be
only -+ I or-1) larger than o,. This presupposes that the
pathway via the N — 1 levels arc equivalent, For highier or-.
der (larger V) this will no longer be the casc.

Reiss™ has shown -that previous'? calculations for
a./0,, for low order are misleading. Specifically, for MPI
beginning with an S state (e.g., alkali) the number of final
states possible for circularly polarized light is equal to /,
while for lincarly polarized light thercare N - 1 final states
if Vis evan and J(N +- 1) if N is odd. In some cascs N=1
may be the least important of the many allowed states in the
lincarly polarization case. Thus, o, will more likely be Inrger
than o, for large N. In addition, even for low ¥, Dixit"* has
shown that because of the ac Stark cflect at strong driving
ficlds the maximum value of o, /a,, can be much larger than
(2N - DII/N Y near allowed resonances. As an example, for
(241 Rl:Ml’lvmlhc‘)I)sla(cmccslum Dixit found ihat
o./a,; approaches 50 near resonance. '

An actual calculation of the ratio of 0,./a,, to fit a given
experiment is a complicated and diflicult task requiring
knowledge of the laser intensity, pulse duration, cle. Even
for low order the diflicultics are formidable (sce Ref. 1)
and outside the scope of this paper. It is instructive, however,
to compare our results with the prediction of Reiss' of the
upper bound for o, /o, for large arder, N. He showed* that
an upper bound on v, /0, can be approximated as

2

o _ IR, | Al ' 8)

o TR AT
where the 4 s represent integrals over the angular function
involving Clebsch-Gordon cocflicients and the R s repre-
sent integrals over the initial- and final-state radial wave
functions. A simplifying reduction of these integrals for
large N can be written'

O (NN DI 16 (gg)w
o, QN4+ DI 2QNYH'"? '

For N =6, Eq. (9) gives o, /o, =0.008; for N=35,0./0,
~0.131. Although the result for N = S agrees with our mea-
surements for (3 +2) REMPIviathe 42X ' (v=1) state,
the experimental result for (3 -+ 3) REMPI via the 423!
(v=1) statc is a factor of 40 larger than the upper limit
provided by Eq. (5). Thus, it is clear that more high-order
MPI studics, both experimental and theovetical, for this aud
other (perhaps simpler ) systems are needed. Qur studics do,
however, suppoit the notion that ¢, will be smaller than o,
for high order MPT processes as a result of the higher density

(9)




-of allowed states available for linedrly polarized light in cofi-
-parison witli circularly polarized light, More detailed studies
will providea tool for the analysis of higher order MPI as it
has for low order. Comparison of photoclectron spectra for
circular and linear polarized light may also afford further
insight into the participation and nature of near resonances
in MPL In the present case, the low signals observed for
cireularly polarized light would not allow for measurement
of photoelectron speetra of high enough quality in order to
make such comparisons.

CONCLUSION

We have presenied the first measurements of angle re-
solved photoelectron spectra for high order multiphoton
jonization of a molccule (NO). The resulls clearly show the
importance of resonant and near resonant enhancement in
determining the overall multiphoton ionization processes in-
volved. Tn addition, measurements of the ratio for cireular to
lincar polarized light are reported and compared with exist-
ing theoretical notions.
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LETTER TO  THE EDITOR

Angular distributions of electrons from tlie photodetachmeit -of
metastable He™

J S Thompsont, D J Peggt§, R N Comptoni| and G D Altont

1 Department of Physics, University of Tennessce Knvaillc, TN 37996, USA
t Qak Ridge National Laboratory, Oak Ridge, TN 37831, USA

Received 22 September 1989

Abstract. Energy- and angle-resolved photoclectron spectroscopy has been used to investi.
gate the spectral dependences of the angular distributions of electrans photodetached from
a beam of metastable. He™ ions,

We report on the lirst measurements of the angular distributions of:clectrons ejected
in the photodetachment of He™ ions formed in the metastable (1s252p)*P state. In-the
spectral range of the present experiment, 1,775 < he < 2,456 eV, photodetachment into
either the He(1525 'S) ¢ or the He(1s2p *P)+¢” continui is allowed. Thresholds for
these processes lic at 0,0755eV. and 1.222 eV, respectively. These competing exit
channels are resolved in the present clectron spectroscopic measurements. Spin-
dependent interactions for a light ion such as He™ arc expected to have a negligible
effect on the shape of the emission patterns. However, with the exception of H, the
He™ ion represents the simplest system far-probing the effects of correlation on electron
emission following photodetachment.

The apparatus uscd in the present photoelectron spectroscopic measurements has
been described in detail by Pegg ef al (1987). It consists of a fast beam of He™ ions
that is crossed perpendicularly by a beam of linearly polarised light from a pulsed dye
laser. The tenuous He™ ion beam is produced by sequential double charge transfer
when a momentum-analysed beam of He* ions is passed through a Li vapour cell.
Alignment of the He™(*P) state in its production by sequential double charge transfer
is expected to be small at the ion beam energy (30 keV) used in the present experiment,
In addition, the coupling, via the spin-orbit interaction, of any aligned orbital angular
momentum vector to a randomly oriented spin vector over many precessional cycles
should reduce an initial alignment to a negligible amount at the photon-negative-ion
interaction region. Due to the unstable nature of the metastable He™ ion, there will
be some depletion of the initiai population of the ions of the bea via autodetachment,
A differential depletion cflect on the different fine-structure levels will result from their
differential metastability. The population of the ions entering the photodetachment
region will be dominated by the most weakly autodetaching J =3 component. The
fine structure is far too small to be resolved in the measurements. The asymmetry
parameters for all of the unresolved fine-structure lines are expected to be the same

§ Also with: Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831.6366, USA.
Il Also with: Department of Chemistry, University of Tennessee, Knoxville, TN 37996, USA.
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in:the LS ¢oupling approximation (Coopei-and: Zare :l969),-ay‘q~$‘o‘.thé5h§g-stg‘ifsiiga!
population of thé'levels arising from -autodétachinent: should-‘have -ng-effect on-thie .
photoelcctron angalar distributions.

Photocléctrons, ejected from the interaction region in the direction of motion of
the ion beam, are cnergy analysed by means-of a splierical sector electronspectrometer.’
The angular distributions of the photoclectrons were measuréd by determining the
yicld of clectrons as a function of the angle 0 between the fixed collection direction
and the variable direction defined by the plane of polarisation of the laser beam. For
lincatly polarised radiation and a randomly .polarised target, the angular correlation
between the incoming photon and the outgoing electron should take the form, f(0) =
14- BPy(cos 0) in the clectric dipole approximation. The quantity B is the asymmetry
parameter which characterises the shape of the emission pattern and Py(cos 0) is the
second-order Legendre polynomial. The apparatus was tested by measuring the spectral
dependence of the angular distribution of clectrons produced by photodetaching beams
of D™ and Li ions. Since all the photon energics used were below the-threshold for
leaving the residual D and Li atoms in an excited state, the emission process should
be well described by an independent electron model which neglects correlation, The
obscrved cos’ 0 (5 =2) distribution at all photon cnergies is in agreecment with the
predictions of Cooper and Zare (1969). A kinematic correction to the angular distribu-
tions is made in all cases to account for the fact that the electrons are detached from
fast-moving ions. In general, this transformation from the laboratory frame to the jon
frame involves amplitude and phasc factors that depend on the velocity of the ion
beam. In forward-directed clectron spectroscopy, however, the phase factor becomes
z7ero.

Figure 1 shows the measured spectral dependence of 8 for the photodetachment
channel He ('P) + - He('S)-+e”. In an independent clectron description of the
process, the p-orbital election that is cjected is represented by continuum s and d
waves. As a result of interferences between these partial waves, the value of 8 will,

s

1.50 4

1.25 4 ¥

Asymmetry porameter 3

1.00 -

0.75 . ; T - Y f
16 1.8 20 2.2 24 2.6 2.8

Pholon energy leV)

Figure 1. Spectral dependence of 8 for the photadetachment process hv+ He™(‘P) -+
He(*S)+e™,
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i general, change with photon' energy. It might be cxpected ‘however, that the-d

waves would dominate the process so far above threshold, It i possible. that the
obierved structure in 8 around 2,2 ¢V ‘could be the result of the formation of a resonance
by photocxcxmllon of an even parily state of the He' ion.. There are; howeveér,.no

known résonances in this-energy region. The most likely candidate would presumably.
be a quarlet statc associated with configurations such as 152535 .or 152s3d. Quartet.

resoninces associated wnh the 2 =3 states of the He atom k:ave been studied by Oberoi
and ‘Nesbet (1973) but tiese calculations indicate that they all lic:somewhat*higherin
encrgy than the region studicd-in-the present work, It is also conceivable, though
perhaps unlikely, that the observed structure in. B shown in figure | is due to the
presence of interchannel coupling.via the final-state interaction, i.e. coupling hetween
the:common continuum final states associated-with the He(*S) and He(*P). channcls.
. The observed spectral dependence.of B for the channel He ' (‘P) -+ hw - He(*P) + ¢
is shown.in.figure 2. Here an s-orbital clectron is cjected- leading to.a pure oulgoing
p-wave clectron in the independent.clectron approximation, Neglecting correlatioii in
the initial and final states, the angular distribution should take the form cos? 0 (8 =2)
for all photon energies. Al the highest photon energy used in the experiment, the

measured value of B =2 is in agreament with the predictions of this madel, As the:

photon energics arc reduced toward threshold, however, the valuc of 8 is seen to
decrease rather sharply over a small range of photon cnergies and then cssentially
level off at B=<1.6. Correlation cilects in the initial state arc-expected to be small,
Configuration-interaction calculations show that the lowest He™ state, (15252p)*P, is
9G6% pure (Bunge and Bunge 1979). In the case of photoionisation,-it has been shown
by Dill (1973) that anisotropic final-state interactions, which are neglectéd: in the
independent clectron modet, can have considerable effects on the photoclectron angutar
distributioris. The outgoing clectron can be reoriented, for example, by an exchange
of angular momentum via clectrostatic multipole forces. In the present case, the

200 - v v . v *
e M5 }
8
o
g t
g 150 i t {
e
@
€
E
>
w
< 1254
1.00 - T T T T ] 1
1.6 18 20 2.2 24 2.6 2.8

Photon energy (eV)

Figure 2. Spcctral dependence of g for the photodetachment process hv+He (*P) -

He(*P) +¢™. The measurement technique was tested by photodetaching D™ (triangles) and
Li” (diamond).
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resndual He-atom is left in the- non-sphencal 2'P-excited state. The dommant elec(ron-
atom inleraction will bé the quadrupole forcc which,-in prmctple can-exért-a’ torquc ;

on the oulgoing electron. The pérmanent and‘induced. .dipole moments-are’ cxpectcd
to be small for this non-hydrogenic system.. :

The couplmg of the contmuum p-wave clectron to the residual He(*P) atom gives.

rise to (I1s2pkp)*S, *P and *D final states. In terms of the formalism of the angular
momentum transfer theory of Fano and Dill (1972), this breakdown of the independent
electron model results in angular momentum transfers of ji =1 and 2 in addition fo

Ji=0. Each transfer is associated with a detachment scattering amplitude, S;(j,). ‘Here

I refers to the orbital angular momentum of the oulgoing electron, Manson and Starace
(1982) show that the eflective value of 8 under such conditions can be writlen as a
weighted average of the form

ASHO = ISP+ IS, (2) 0
USHOF 4 1S DP S

The relative moduli and phases of the scattering amplitudes will, in general, change
as a function of the energy above threshold and this, in principle, could account lor
the decicase in B that is observed. In the case of photlodetachment, however, the
finai-state interaction is expected to be short ranged and weak in comparison to the
analogous situation in photoionisation. Onc might expect, thercfore, that it would
have a negligible effect on the photoclectron angular distributions.

Au alternative explanation of the observed spectral dependence of 8 for the He(2'P)
exit channel involves a consideration of the influence of the (1s2p®)*P shape resonance
on the emission process. This resonance has been experimentally studied by Peterson
et al (1985) and theoretically investigated by Hazi and Reed (1981) and Watanabe
(1982). 1t lies ~1t meV abave the 2'P threshold. The photon encrgics used in the
present work correspond to a range of energics that lic ~0.5-1.0 ¢V, or approximately
onc hundied resonance widths, above the resonance. This very strong resonance has
a calcutated peak cross section of ~8x 10 '* em®, The calculation of Watanabe (1092)
indicates that even in the wings of this large resonance, ~0.8 ¢V above the peak, the
resonance can make a non-negligible contribution to the photodetachment process. It
scems plausible that the shape resonance could cnhance the strength of the final-state
interaction leading to the (2s2skp)’P state as a result of the protracted time that the
outgoing clectron spends in the vicinity of the parent He atom. Recent theoretical
results of Saha and Compton (1989) seems to confirm this resonant enhancement of
the photodetachment process via the He('P) channel.

The presence of the shape resonance could have an effect on the dingular distribution
of photoclectrons. In the present experiment, the (152p?)*P resonant state of He™ will
be anisotropically excited. The photoexcitation process is necessarily state selective
as a result of the use of linearly polarised incident radiation and the restriction imposed
on the possible final states by the Pauli exclusion principle. The electrons subsequently
ejected in the autodetachment of the resonance will carry away the anisotropy. It is
eslimated, in the independent clectron approximation, that the emission pattern result-
ing from the autodetaching decay of this resonance is characterised by a value of
B =0.5, which is considerably smaller than the value of 8 =2 expected from the
non-resonant photodetachment process. The effect of ‘the resonance on the emission

l}::

process can be viewed in terms of an interference effect. The shape of the observed

spectral dependence of B arises from an interference between non-resonant and
resonant photodetachment pathways to the common (1s2pkp)*P final state. The
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measured value of B at a particular plioton energy would: then-be thc fesult of .ani:

appropriate wcnghlmg of the different B froni the two pathways, .It-is. expected: that

lhc weighting Tactors will be determined, as a-function: of thé-photon-esiergy, by- tlie:

clative cross sections for thic.two interfering. processes. In-the energy range.of the

prcscm ‘measurchients, the non-resonant photodetachient. process-should’ doininate

but the noh-negligible contribution. from the:resonance process could be sufficient:to
pertuth the angular distributions of the.ejected. photoelcclrons.

In conclusion, an investigation has been -made of the dngular distribution -of
clectrons ejected in the photodclachment of He ™ wia the two resolved: exit. chzmncls-

that leave the He atom in cither the 2'S or thie 2'P state, It appears: from the results

that the independent ¢lectron model is inadequate to describe the emission- process.

for cither channel. Corrclation, in. some form, affects the photoclectron angulat:
distributions. In.the casc of the He(*P) channel, -the-(1s2p’)*P-shape resonance may
play a role in enhancing the photodetachment process and in perturbing.the emission
pattern. “IUis clear from this work that further theoreticil working on thie photodetach-
ment of the relatively tractible, yet fundamentally- interesting, ‘Hé™ ion is necded to
aid in a full quantitative understanding of the emission.process.

We would like to-acknowledge J Burgdarfer and A Starace for their-helplul discussions,
Two of us (JST and DIP) acknowledge research suppott from the US Department.of
Energy, Office of Basic Energy Scicr:ces, Division of Chemical Sciences through the
University of Tennessce. Two of us (RNC and-GDA) acknowledgé support from the
US Office of Naval Research, Oank Ridge National Labaratory is operated by Martin
Marictta Encrgy Systems, Inc under Contract No DE<AC05-840R21400,
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Cross sections and asymmetry () parameters for the photodetachment of 25 and 2p clectrons-from
He~™ (1:2:2p)‘P° dre calculated using the multiconfiguration Hartrcc-Fock mcthod which’ includes the
effects of dynamical core polarization and electron correlation, The excellent agreement with llmlted ex-
perimental data suggests its accuracy over the energy range from 0 to 4'¢V: The pholo@etachmcm Ccross
sections are used to calculate the inverse radiative attachment.cross sections,

PACS numbers: 32.80.Fb

Negative-ion states which lie in the continuum and.do
not radiate to a lower state will eventually autodetach to
a neutral plus a free electron. The lifetime of such auto-
detaching states depends upon the strength of the cou-
pling to the continuum. Those states which interact
strongly with the continuum via the electrostatic terms in

the Hamiltonian are short-lived (~107'3-10~ " scc)
and are observed as resonances in clectron-scatteringor
photodetachment? cross sections. Those states which in-
teract weakly with the continuum via the spin-spin or
spin-orbit interactions of the Hamiltonian can have auto-
detachment lifetimes approaching milliseconds. The
(1s2p2p)*P° state of He™ is a classic example of a
long-lived Feshbach resonance (clectron bound to an
excited state). The J=% and } fine-structure com-
ponents of He ™ “P° can decay’® through spin-orbit and
spin-spin interactions via coupling with the doublet P
states, while the lower-level *Psy; state can decay? only
through the considerably weaker spin-spin interaction,
Relativistic radiative autodetachment of He™ *P° has
not yet been detected. Many of the physical properties
of metastable He ™ “P° have been extensively studied
both experimentally and theoretically since its discov-
eries in 1925 and 1939 (Ref. 5) (for a brief review, see
Ref. 6).

There have been a number of éxperimental measure-
ments’~"! and two theoretical calculations'®'? concern-
ing the photodetachment of He™ ‘P°. Both experi-
ment®!% and theory'? exhibit an enormous peak in the
photodetachment cross section at ~1.2344 eV with a
half-width of 7 meV. This peak is due to the excitation
of the He ™ *P° state to the (152p2p')*P* shape reso-
nance. The experimentally determined maximum in the
cross section is 80 10 A2 and is about 3.3 times larger
than the previous theoretical value'? (~24 A?).

In this paper, the multiconfiguration Hartree-Fock
(MCHF) method is used to calculate accurate photo-
detachment cross sections and angular distribution asym-
metry parameters for He ™ *P° for incident photon ener-

gies from threshold to 4.5 ¢V, Comparison is.made with
existing cross-section ‘measurements "~ and with. recent
asymmetry parameter measurements, ' Finally; the
principle of detailed balance is used to calculate the radi-
ative attachment cross sections for He(1s2s°S).
Electron-correlation and dynamic core-polarization
effects are very important in the accurate calculation of

photodetachment propcrtlcs of negative ions. Rccently'

the MCHF method '* was shown to reproduce'® the pre-
viously calculated bound-free photodetachment cross
section of H™ over the photon energy range from 0.8 to
3 eV, As in the present calculations, the electron-

correlation and dynamic corc-polarxzatlon effects were:

accounted for in an ab initio manner. The accuracy
of the MCHF method exhibited for H™ suggested
its application to the more complicated case of
He " (152s2p *P°). The excellent agreement -between
the length and velocity calculations for both H™ and the
present He ™ case attest to the accuracy and complete-
ness of the initial- and final-state wave functions. De-
tails of the present calculations along with partial cross
sections will appear in a separate publication by Saha.

The initial and final states considered in the present
calculation are

ho+He ™ (1s252p *P°) — He(’S) +e(ks)'s*
— He(®S)+e(kd)*D*
— He(3P)+elkp)ise
— He(’P) +e(kp)*P*
— HeCP)+elkp)ipe. (1)

We emphasize that relativistic effects are not included,
and therefore any fine-structure effects (J dependence)
on the initial ion or final state are not included. Future
studies would include calculations of o and g for the in-
dividual J= %, },and ¥ levels of He ™ *P°.

The MCHF expansion of the wave function for the in-
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itial state - consxstcd of conﬁguratlons constructcd from
Is, 25, 2p, 3s, 3p. 3d, 4s, 4p, 4d, 4], 55,.5p, 5d,.6s, 6p,
and 6d. orbltals All of thé:bound: orbitals-are optimizéd
vanatlonally The five fmax-state wave. functlons ‘were

madc from expansions’ of the configurations, couplcd to.

form each of the 4S¢, *P¢, and D¢ terms. Th eieciron
afﬁmty for He(23S) was; calculatéd to-bé 0.0775.¢V .and
is in exact agreement with the more-décurate value- of
0.077.51 £ 0,00004 eV of Bunge-and Bunge:'® The elec-
tron affinity for He(2°P) was 1.221 eV which is in excel-

lent agreement with the experimental value of 1.222

+0.0008ev.”

The ‘photodetachment cross section for absorbing a
photon of energy hw from an initial state i/ to a final
state f'is given by

a(w) "'4n'zaa3wjz Ky T w2, (2)
Wt

where a is the fine-strucvare constant and ao is the radius
of the first Bohr orbit of the H atom. ; and w, repre-
sent the wave functions describing the bound and free
states of the negative ion, The summation runs over all
of the final configurations and magnetic:quantum.num-
bers. The length and velocity forms of the dipole transi-
tion operator T are

L L} vj
Ty=Y z and Ty=) ~-,
7=l J=t o

(3)

y; and y, are found-to be exact solutions of the same
Hamiltonian if the length and velocity forms of the cross
sections and B parameters are identical. The method of
constructing the MCHF wave function for the final con-
tinuum state involves the solution of coupled integro-
differential equations which are solved by an iterative
method and is identical to that described in detail ear-

J

I=DTE @)+ U+ DU +2)TA (@) = 61U+ 1) T1= 1 (0) T+ (w)cos(E 41— §l 1)

104.
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FIG. 1. Total photodetachment cross sections for He = (4P°)
vs photon energy.

The angular distribution of photoclectrons detached
from a subshell, nl, by light polarizcd in the € direction is
related to the dnﬂ”crentlal cross section by the relation-

dow(w) a,;(a))
10 yp 4)-

P, is the second-order Legendre polynomial whose argu-
ment is thc cosine of the angle between the polarization
vector € and the direction of -the outgoing electron k.

The asymmétry parameter p,.:(w) for the photodetach-.

ment of the 2p electron from He ~ *P° was calculated us-
ing the Cooper-Zare model;*

l+ﬂ"[£w)Pg e'k)]

ﬂnl(w)

dipole matrix element corresponding to the /—1 and
1 +1 channel, respectively, and & is the phase shift of
the /th channel. The use of the Cooper-Zare model for
an s subshell?® gives a value of 2 for g since differences
of the photoelectron phase shifts for the last three chan-
nels in Eq. (4) are ignored. These phase-shift differences
are taken into account in the angular momentum
transfer formalism.? Following the formalism of Fano
and Dill, ? g for an s subshell is given by

tha(fr )ﬂ(.h)
Zjlo(jl) '

In the LS-coupling approximation®
jl "l:r - £0 s ‘

= (6)

QI+ DUTE () + U+ 1) TH (0)) '
where Tj-y(w) and T)+1(w) are.the radial parts of the | y

(s)

where Lo and I:( are the orbital angular momentum of
the initial and final core states, respectively.

Figure 1 shows the total cross section -obtained by
summing up the partial photodetachment cross scctlons
The experimental value of Compton, Alton, and Pegg,’
Peterson and co-workers,™'? and Pegg et al.!' are shown
for comparisons. The total cross section rises sharply
from the He(22S) threshold to a maximum of 1.2 A2 at
0.085 eV then decreases to a minimum.at about 0.125
eV. This rapid rise and-fall of the cross section is due to
the 1s25(3S)ks *S¢ channel. The broad maximum in
the cross section around 0.3 eV is due to the
1525(3S)kd *D* channel. At higher photon energy the
photodetachment cross section is dominated by the
152p?*P® shape resonance. The resonance position and
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FIG. 2. Photoclectron asymmetry parameters, S, as a
function of photon energy.

width (FWHM) are calculated to be 1,231 and 0.0075
eV which are in excellent agreement with the experimen-
tal value of 1.2344 +0.0004 and 0.0070 % 0.0004 eV, re-
spectively.'® It is seen from the figure that there is out-
standing agreement between the present resuits and the
absolute cross sections of Peterson, Bae, and Huestis'® in
the vicinity of the resonance, Early data of Pctcrson.
Coggiola, and Bae” also indicated that additional struc-
ture might be present below 1.23 eV suggcstwe of possi-
ble interference from ‘S or “D states in this encrgy re-
gion; howcvcr. their later measurements showed no struc-
ture.'® The present calculations also show no such in-
terference structure, Compton, Alton, and chg also
report structure at 2,5 ¢V which was not present in our
calculations. In fact, no evidence for any other reso-
nance structure was found up to ~5 eV. Finally, we
note almost exact agrccmcnt with the cross sections
determined by Pegg et al.'! which are expected to be the
most accurate experimental measurements to date.

The asymmetry parameters By(w) for the photode-
tachment of 2s and 2p electrons are presented in Figs. 2
and 3, respectively, along with the limited experimental
data recently available.'* Again the near equivalence of
the length and velocity results attest to the accuracy of
the wave functions representing the initial and final
states. Figure 2 shows the calculated B, (w) for photo-
detachment of the 2s electron. Agreement between ex-
periment and theory is very good over the energy range
available from experiment. The distributionf is nearly
isotropic at threshold and approaches asymptotically the
Cooper-Zare model value of 2 [Eq. (5)]. The asym-
metry parameters for the 2p electron, By, (@), in Fig. 3
varies from 0 to —1 in a narrow region above threshold
and approaches 1.5 asymptotically. Thus, the angular
distribution of photoelectrons would be isotropic at
threshold and quickly changing to sin6 dependence
(ejected perpendicularly to the plane of polarization of
the photon beam). The experimental data and theory
are seen to agree very well for By,(w) over the narrow
energy region.
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The principle of detailed balance can-be used:to relate:
the photodetachment cross section o4 to the radiative at-
tachiment cross section, o,,

w lg*
- vg-a-adv, ()
moe | g

where v is the frequency of the quantum emitted, m is
the mass of the electron, v its.velocity, and g. /g is the
ratio of the statistical wcnghts of the negative ion-and
atomic states (taken to be 4 here).?¥ The radiative at-
tachment cross sections to metastable ‘He(1525)’S are
shown in Fig. 4 as a function of electron energy ranging
from 0,001 36 to 2.5 ¢V. “Experimental cross sections of
Pegg et al.!! are included, Also shown are cross scctlons
at two encrgies from Hodges, Coggiola, and Peterson.®
This research was supported -by- the National Science
Foundation under Grant No. PHY-8801881, in part by a
Cottrell Research Grant from the Research Corporation,
and by the U.S. Office of Naval Research, Grant No.
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Partial cross sections for the photodetachment of a 25 or 2p electron from metastable (15252p)*P
He ~ ions have been determined using crossed-beam photoelectron spectroscopy. Kinematic effects asso-
ciated with detachment from a fast beam source have been exploited, in a novel way, to enhance the pre-
cision of the measurements. Calculated cross sections for the photodetachment of H ™ were used to es-

tablish a scale for the He™

measurements, Radiative attachment cross sections are derived from the

photodetachment results using the principle of detailed balance.

PACS numbers: 32.80.Fb

The three-electron He ™ jon has a relatively simple
structure. As such, it has received a great deal of experi-
mental and theoretical attention since its discovery. by
Hiby.! It is well known that stable He ~ ions are nonex-
istent due to the fact that an electron is unable to attach
itself to a-He.atom in its ground state, The He ™ ion is
instead the prototypc of an unusual class of unstable, yet
long-lwcd..negauvc ions that arc metastable against de-
cay via electron (autodetachment) and photon (electric
dipole) emission.. The ion is formed in the core-excited
and spin-aiigned (l:2:2p)‘P state whenan electron:at-
taches itself.to a He atom in the metastable (1525)°S
excited statc. .Autodetachment via the strong clectrostat-
ic mteracuonx is spin forbidden. The process proceeds
however,.at a.slower ratc via the weaker magnetic:in-
teractions among the electrons, There exist a differential
metastability.among the fine-structure levels due to their
different coupling strengths to the continuum.. The life-
times of the three levels and their relative spacmgs have
been measured.by Novick and co-workers.? The He ™
ion lives’ long €nough (tens to hundreds of microseconds)
that a bcam.of icns can be formed in an accelerator and
subsequcntly used as an cssentially stable source for ex-
periments.. "The structure of He™ is now well cstab-
lished. The-electron affinity of He(23S) has been-calcu-
lated by Bunge and Bunge’ to be 77.51 £:0.04 meV.
This .quanu was first measured by Brehm, Gusinow,
and Hall‘
using a m_gqu -beam threshold photodetachmcnt tech-
nique. The latter value is in excellent agreement with
theory.

The detailed manner in which metastable ions such as
the He " iominteract with radiation is not as well known,
however;-although the subject is of fundamental interest.
In particulary-experimental data on absolute partial cross
sections,.whichsare.the subject of. this paper, are-sparse.
The simplest:stable negative ion, H ™, has a.single open

g crossed laser-ion-beam photoclectron_

photodetachment channsl, Av+H ~(1'S)— H(1%S)
+e ~(kp), in the visible (hv<10.96 eV). In contrast,
photodetachment of He™ can lead to five possible final
(continuum) states in the visible (kv <4.85 eV); i.c,, S
and “D states associated with the process Av
+He " (24P)— He(2°5) +e ~(ks,d) and *S, ‘P, and
‘D states associated with the process Av+ He ™ (2¢P)
— He(2%P)+e ~(kp). The technique .of energy and
angle-resolved photoeleciron spectroscopy has allowed us
to quantitatively investigate, as a function of photon en-
ergy, the competition between the two resolved photode-
tachment processes that leave the He atom in the 238
and 2°P states, respectively. The partial cross sections,
o(3S) and o(°P), for.the two processes have each been
measured relative to the known cross section, o(%S), for
photodetaching a reference D ™.ion...As far as it is
known, the present data represent the only published
measurement of branching ratios for competing photode-
tachment channels. At the present time there are no
published calculations of the partial cross sections for
He™ photodetachmem. although work is currently in
progress.$

The cross-section rati . were detcrmmed from mea-
surements of the yields and angular distributions of pho-
toelectrons cjected from the ions at- the intersection of
crossed laser- and negative-ion beams. The fast moving
(~30 keV) and tenuous beam of-negative ions was pro-
duced by double charge exchange between a beam of
positive ions and atoms in.a Li vapor cell. The negative-
ion beam was intersected.orthogonally by a linearly po-
larized beam of photons. from a flashlamp-pumped
pulsed dye laser. Sets of apertures were used to ensure
that the overlap of the two beams remained unaltered
during the relative measurement  process. Following
photodetachment events, electrons ejected from the He ™
ions, in the direction of motion. of the ion beam
(forward-directed electrons); were: collected and energy
analyzed using a spherical-sector. electron spectrometer.

T -v“
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The.angular distributions of the detached electrons were
determined by measuring their yields as a-function of the
angle between the fixed collection: direction and the
direction defined by the polarization - vector of the laser

beam. The polarization vector could be rotated in a.

plane perpendicular to the propagation direction of the
laser by'the use of a A/2 phase retarder. (double Fresncl
rhomb). The output power of the laser was carefully
chosen to avoid. saturation on each of the photodetach-
ment processes studied. The instantaneous intensities of
the photon. and jon beams were monitored for normaliza-
tion purposes. A synchronous detection schcme, based
on the time structure of the pulsed laser, was used:-to
discriminate against the rather large electron back-
* ground. Further details of this crossed-beams apparatus
can be found in a previous publication.

The relative cross sections (angular integral) were ob-
tained by.comparing, under identical geometrical condi-
tions, the yields of electrons, Y(He) and ¥(D), produced
in the photodetachment of beams of He™ and D™ ions,
respeetively, The cross-section ratio for these two pro-
cesses can be expressed by the following relation:

o(He) __Y(He)¢(D)p(D)g(D)1 +8(D)) )
.a(D)  y(D)¢(He)p(Hedg(He)ll +p(He)] *
In this-expression the yield ratio is multiplied by several
measured factors that take account of the different pho-
ton' fluxesi: ¢, ion densitics, p, frame-transformed solid-
angle-factors, g, and asymmetry parameters, §, associat-
ed with iphotodetaching clectrons from the two beams.

All geometric factors are adjusted to be equal and there-

fore-cancel out. A novel technique, which is illustrated
in F‘g 1% has'been-used to cancel out the efficiency fac-
tors associated with the collection and detection of elec-
trons from the two beams, The three photoclectron spec-

tral peaks shown in Fig. 1, which have different energies
in thevion frame, can be kinematically shifted to the
same-energy in the laboratory frame by an appropriate
choice of the ion-beam energics, E;. The efficiencies for
onllecting and detecting electrons -of the same energy
from the He ™ and D™ beams then become equal and
cancel out, The ion-bcam energies, which are needed to
determine both the ion dénsities and solid-angle transfor-
mation factors shown in Eq. (1), can be determined pre-
cisely-(~0.1%) from an in situ analysis of the separation
of the-peaks in the photoelectron spectra. For example,
the He > photodetachment spectrum consists of & pair of
peaks (one for each exit channel) whose separation in
thetion frame, E(3S-3P), is well known from photon
spectroscopy. A determination of their separation in the
laboratory frame can then be used to measure the ion-
beam energy. This technique, which depends on either
kinematic shifting or doubling of the spectral lines, is de-
scribed in more detail by Pegg et al.” Angle-resolved
yicld-measurements were made on cach spectral line to
determine the asymmetry parameters g that characterize
the: shape of the photoelectron emission patterns. The

Photodetacliment Spectra (A\=6962 am). ~

E,(He™) = 20.19 keV

He(’S) exit chianinel

20 v

E(D) = 19.07 keV

D (*S) exit channel

Electron Counts {arb. uanits)

T . |
(N ne . ne

E(He") = 5047 keV'

He (’P) exit channel

Y ) 130
Electron Energy Ej, (V)

FIG. 1. Three spectral peaks kinematically shifted t6 the
same laboratory-frame energy by an appropriate choice of
ion-bzam energies. The peak yields were used in the measure-
ment of relative cross sections for the photodetachment of He ™
and D~ ions,

measurement technique was first tested by photodetach-
icg electrons from beams of D™ and Li~ ions, The pre-
dicted cos?© (B=2) distribution was obtained in all
cases. The 3P exit channel ifi'He ~ photodetachment in-
volves the ejection of an s orbital electron, similar to
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photodctachmem in thc stable D~ and Li~ ions. The
measurers values of 8, however, ar~ considerably smalier
(~1.5) than the f=2 predicted by an independent-
clectron model. It is suspected that the presence of the
¢152p?)*P shape resonance’ lying just above the thresh-
old for the opening of the 3P channel is perturbing the
angular distribution of the photoclectrons in this case.
The spectral dependence of the asymmetry parameters
characterizing the angular distribution of clectrons eject-
ed in the pho(odctachmcnt of He™ are the subject of a
paper by Thompson et al Calculatlons have been made
by Saha and Compton
The partial . cross-section ‘ratios, 0(’S)/o(®S) and
a(*P)/o(2S), have been measured at phaton energies of
1.781, 1.946,7and .2.091 ¢V. The.resuits. are o(’S)/
o(15) =0.60+ 0.02 (1.781 eV), 0.57+0.04 (1946 eV),
and 0.49£0.04.(2.091 ¢V); a(*P)/0(35) =0.28 £0.02
(1.781 eV), 018+0.02 (1,946 ¢V), and 0.12+0.01
(2.091'¢V).>The-uncertainties quoted-on these values
represent 2 standard deviations-of the.weighted mean of
scvcral data scts each comprising a numbcr of individual
spectra addéd-together. “The major-source”of statistical
error | m uch’data set ongmates in the mmuremcnt of
yieid” muoa (~4%) and asymmetry,-panmctcr .ratios
(~3%). *Uncertainties in other measured quantities are
considered=t3%be - negligible. - Systematic error sources
mmgatcd and are estimated to be within the
quoted 2d%ifmits. "A scale for the relative cross-section
“‘mn ‘be readilyrestablished-by :assuming
fﬁwm for the o(3S)- cross section for-photo-
dctachlﬁ'g’thé‘b “jon. Several calculations of H ™ pho-
todetachment‘cross sections have been made and can be
used 'for'ﬂm'purposc. The perturbation-variation results
of Stewart®. havé-been arbitrarily-chosen for the purpose
of *normalization*in the- present«work. The results of
“Broad*'and¥ Reinhardt'®" fall- within *2% . of <those = of
‘Stéwart ~over~the-range- of - the spresent: experiments.
! Combining thé*theoretical values (assuming a 3% uncer-
Tainty)- with“themeasured-cross-section ratios produces
tﬁc pamal'i‘:toss sections (in Mb)shown in Table L. The
“sum 'of tbc'pawal CTOsS $ections;: Oai;:and.the measured
'a%rhary -parameters, ¥ B, iarer also :.tabulated. The
*branching-ratios: for the ">S~ channel>are 0.70:£0.06
(14781 '€VI¥0:75£0.10 " (1.946 *oV), and 0.80£0.18

R

‘»“ *ﬂ’mﬂr{ wLA L s PR S B L S TNt S TN
[easiy ¥4
TA.BLB.I “Pbo(odctachmcnt of He™ : cross sections (Mb)
nd asymmetry parameters, © v % YT ¢ o
ML M Photon energy (eV)
4 1.781 1.946 2.091
o(’S) | .229%10 20.5%1.5 16.6%1.8
BCS) 115002 1:28%0.02 1.19£0.07
a’P) 7100106 - 67406 - 4104
BeP) 1.5240.04 1.59£0.03 1.53£0.05
“Gwat © TpHB29£24m 11272431 -+ .20.2:£3.0
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(2 091 ¢V):"The measured pamal and total cross sec-
tions are also shown in Fig. 2, along with the resuits of
the total cross-section calculation of Hazi and Reed*!
The calculation and the sum of the present partial cross-
section measurements are seen to be in good agreement
at all the photon energics used in the experiment.” The
only other partial cross-section measurement for He ™ is
that of Brehm, Gusinow, and Hall.* Their estimates, at
a photon energy of 2.410 ¢V, are limited in precision to a
factor of 2 since no angular distribution information was
obtained in the experiment. The less precise total cross-

section - measurements of Compton, Alton. and Pegg'?

and’ Hod?a,”Cogmo!a. and Peterson!’ are in cssential

agrecment ‘with the sum of the pamal cross sections

(g KXo

e LR E S o

measured here.
The measured cross sections for photodetachmg an
clectron from the ‘He™ ion can be:used to indirecily
determine, using detailed balance arguments, !4 the cross
sections;ro,jifor:the far less probable inverse process of
radlatlvc.atuchment. The derived radiative attachment
cross ‘sections (ifi -barns) are o,(°S)=1667 (1781
¢V),..162£.12(1.946 ¢V), and 120+13 (2.091- eV);
oCP) =745 /(1781 eV), 45:t4 (1.946 ¢V), and
30:1:3.(2‘ ;' “;:‘:w\ .. . ‘i.V'Y R ." o ".
uvcly high pwcmon 5% Th" favorable
cam) of the, present. cross-section ratio measurements
reflectsour ability: to exploit, in a novcl way, certain h-

deg v o

nematic effects: auocmed with a fast moving lourcc of

.ions. undl,_t[w,umultaneous collection of electmns the

asdedlnl oVI=

-forwardadyecxut. ~These features of. tbe prescnt ap-
- paratus ‘have.not been used in previous photodctachmcnt
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studies. A scale for the relative measurements has been
established by the use of accurate theoretical values for
the cross sections for the photodetachment of the refer-
ence ion, D”. As a result we have been able to deter-
mine partial cross sections for the photodetachment of
He™ to <10%.
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Photoclectron angular distributions for resonantly enhanced three-photon ionization (2-+ 1) of cesium
vin the ns (1 =8-12) states have been measured. The asymmelry parameter fis found to vary. fiom
+1.2 for the 8s state to —0.5 for the 125 state. These results provide the first clear experimental evi-
dence for relativistic (spin-orbit) cflects on the photoclectron angular distribution for an alkali-metal

atom.

PACS numbers: 32.80.Rm

The photoionization of an atom represents one of the
most clementary collision processes. Photoionization of
a randomly oriented ensemble of atoms is characterized
by the total cross scction ¢ and the asymmetry parame-
ter B, which describes the angular distribution of photo-
clectrons. At low photon encrgics (wavelength of light
much larger than the size of the atomic target) the clec-

tric dipole approximation is valid, and the differential
cross scction for photoionization by lincarly polarized

—

ple)

_AU=DRE U DU +2)RA) =61+ 1) Ry~ R+ 1 cos8

light is given by "2

%‘-’—-%n +1(e)P(cos0)] | o

where 0 is the direction of the photoelectron with respect
to the clectric-field vector of the incident Jight, and
Py(cos0) is the second-order Legendre polynomial, o
and f# arc dependent upon the photoclectron cnergy €
and the bound and eontinuum wave functions involved.
For LS coupling of nonrclativistic single-particle wave
functions, f} is given by?

Q1+ DURE U+ 1R

where R)-y and R4+ are the radial matrix clements be-
tween the bound and continuum wave functions for the
=1 and [+ partial waves, respectively. §=8;4
=&)-1 is the difference in the phase shifts for the two
possible continuum functions. The important point in
the present context is that, for photoionization from a
pure s orbital (/=0) and when the phasc-shilt difference
is zero, Eq. (2) predicts that f is independent of energy
and is identically equal to 2. It has been shown, howev-
cr, that deviations from this expectation may result when
(a) anisotropic electron-ion intcractions arc important
(c.g., photoionization from open-shell systems) ¢ or (b)
telativistic (spin-orbit) intcractions arc appreciable.”!?
Anisotropic clectron-jon interactions are absent for pho-
toionization of the s slates of alkali-metal atoms
(closed-shell core) and deviations from =2 thus pro-
vide a dircct test of relativistic interactions. In this
Letter we report photoelectron angular distributions for
resonantly enhanced three-photon ionization (2+1) of
cesium atoms via the 8s, 95, 10s, and 125 stales. In gen-
cral, multiphoton excitation can give rise to aligned (spa-
tially anisotropic) target states for which the form of the
differential cross scction is morc complicated than that

© 1990 The Amcrican Physical Socicty
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given in Eq. (1). In the present case, excitation of an ns
state (=1} ) results in an isotropic target, and Eq. (1) is
valid. Values of f are found to vary from +1.2 for the
8s state to — 0.5 for the 12s state which we attribute to
relativistic (spin-orbit) effects in the photoionization con-
tinuum,

The importance of spin-orbit interactions in the heavy
alkali-metal atoms has been recognized for many years.
In 1930, Fermi'? showed that spin-orbit interactions are
responsible for the anomalous doublet-line-strength ra-
tios for cesium. Scaton'® later showed that inclusion of
spin-orbit eflects can resull in nonzero minima in the
photoionization cross scctions (the so-called Cooper
minima'®). Fano'® predicted that spin-orbit cfects
would result in emission of spin-polarized clectrons when
circularly polarized light is used to ionize Cs atoms. Ex-
perimental obscrvations of the Fano effect soon fol-
lowed,"™'? and it was shown that accurate values for the
position of the Cooper minimum could be obtained from
the spin-polarization measurcments.'® Several theoreti-
cal studics have addressed the effects of spin-orbit in-
teractions on photoclectron angular distributions,”'? but
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experimental studies have been sparse.

Inclusion of relativistic (spin-orbit) effects results in
radial matrix elements which depend upon the total an-
gular momentum (j') of the continuum wave function. g
for an s state then becomes®!'2

_ 2RJp+4R1aR y2c0s(8y2 = 811)

R+ R
8-11,16

ple) (3)

It has been shown that the phase-shift difference
832 — 8112 is generally close to zero. Under this condition
note that when the matrix clements Ry, and Rj; are
cqual, B is again equal to 2. However, the two matrix
clements go to zcro at slightly dilferent energies. In the
cnergy region where the two matrix clements differ
significantly, f8 is expected to differ from 2. In principle,
p can have values between 2 and —1. A number of
specific cases are worth neting: when Ry =0, f=0;
when Ry;=0, f=1; and when Ryz= =Ry, f=—3%.

Manson and Staracc?® have reviewed the subject of
energy-dependent photoclectron angular distributions for
s subshells. Deviations from =2 have been obscrved in
only a few cases. Nichaus and Ruf?' measured angular
distributions for ionization of the 65 clectron in mercury,
They found that g was cuergy dependent, varying from 2
to 1.25. More recently, scveral experimental and
theoretical groups have studied the 55—+ ¢p photoicniza-
tion of xenon.22*" Twao of the experiments®®?* suggest a
small “dip” in 8 at a photon cnergy of ~32 ¢V, in the
region of the Cooper minimum, Two of the theoretical
calculations?* inciude relativistic effects but only con-
sider single-hole jonization channels and predict a much
larger decrease in 8 from the value 2 than is fourd ex-
perimentally; a third such calculation®” predicts a small-
cr decrease in B than is found experimentally. However,
Tulkki®' has recently calculated asymmetry parameters
which arc in exccllent agrecement with cxperiment.
These calculations included double-excitation channels
on cqual footing with the important single-excitation
channels using the multichannel multiconfigurational
Dirac-Fock (MMCDF) mecthod. Thus in this case, the
relativistic (spin-orbit) cffects are obscured by the efects
of multiclectron excitation which arc known to be
present from studies of satellite spectra in the region of
the Xe 55 Cooper minimum,>®

It is indeed surprising to find that, to our knowledge,
only onc solitary measurement of a photoelectron angu-
lar distribution exists for an alkali-metal 5 state. In 1931
Chaffee?®? reported 8 of approximately 2 for photoioniza-
tion of ground-state potassium in the region of ~2400
A, although he did detect a small residual signal when
the light polarization was perpendicular to the electron
detection direction. Samson® has performed a detailed
analysis of these data and concluded that f§ was equal to
1.55. In 1979 Ong and Manson'® rcanalyzed (he
ChalfTce data to obtain g=1.520.3. In order to more
rigorously probe spin-orbit cflects in the photoionization
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of the alkali metals, we have measured photoclectron an-
gular distributions for several ns states of cesium.

Figure 1 shows the multiphoton ijonization scheme.
The photoionization cross scctions versus photoelectron
cnergy recently calculated by Lahiri and Manson® for
the 8s and 9s states are also shown for illustration. The
positions of the Cooper minima are very similar for
different principal quantum numbers including the
ground state (n=6) when plotted versus photoelectron
energy.’® The energy of the photoelectron in the contin-
uum, ¢, is determined by the photon energy and the ion-
ization of cesium, ¢=3hv—IP. Inspection of Fig. |
shows that the oulgoing clectron energies are expected to
be in the region of the calculated Cooper minima.

Experimentally, an Nd-doped yttrium  aluminum
garnet-pumped tunable dye laser (Quanta Ray DCR 11,
PDL2) is used to excite the 85, 95, 10s, and 125 states of
cesium by nonresonant two-photon excitation, It was not
possible to study the 11s state because of complications
of ncarby levels (see Ref. 35). A third photon from the
same laser beam photoionizes the excited atom. Note
that the two-photon cxcitation results in equal popula-
tions of the my subievels, and thus the excited ns states
are by definition randomly oriented. The photoclectron
angular distributions are therefore not complicated by
alignment of the intermediate states. The encrgy of the
photoclectron is determined by its time of flight over a
7-em path and is detected by a channcl-plate charged-
particle detector. The angular acceptance of the detec-
tion system is 3 6.5°. The plane of polarization of the
incident light is rotated with a double Fresnel rhomb
which is controlled by a stepping motor. Each angular
distribution was collccted by averaging 100 lascr shots at
intervals of 9°. These measurements were difficult due
to the small photoionization cross sections for the ns sub-
shells of cesium.¥*¢ The small cross section is a result
of a Cooper minimum in the continuum, which of course

y 10
3 ~
1 o)
A ’ =
- \‘ - « g
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?
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-4 -2 0 2 4
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FIG. I. Hlustration of resonantly enhanced three-photon

jonization scheme used to study photoelectron angular distribu-
tions for ns (n=8-12) states of cesium. Also shown arc the
theoretical photoionization cross sections vs photoclectron ener-
gy ¢ of Lahiri and Manson (Rel. 34) for the 85 and 95 states.
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makes the present problem interesting. Several
angular-distribution measurements were averaged for
each state in order o obtain good signal-to-noise ratios.
We should point out that since a signal is only observed
when the laser wavelength is in two-photon resonance
with an ns state, the contribution due to photoionization
of dimers should be close to zcro. Electron-energy
analysis also assures this fact. We note parenthetically
that the results of Chaffce®® were probably affected
somewhat by photoionization dimers. '

Photoclectron angular distributions for photoioniza-
tion of ns (n=8-12) subshells of cesium arc shown in
Fig. 2. The asymmetry parameters for cach angular dis-
tribution are obtained using a lcast-squarcs method to fit
the experimenial data by the equation [see Eq. (1),

1(0) =1+ pP,(cos0) . 3 (4)

Note that since —1<p=<2 and Py(cos8) =} (3cos?0
—1), Eq. (4) gives 0 <1(0) < 3. The p values thus ob-
tained for cach state arc also indicated in Fig. 2. Identi-
cal B values arc obtained from g=(R-1)/(1+R/2),
where R is the ratio of the clectron signal recorded at
6=0° to that at 6=90°. The lincar polarization of the
laser was > 99.8%.

Pindzola'? has calculated B parameters using the
Dirac-Fock approximation in order to obtain the radial-
dipole matrix clements used in Eq. (3) for photoioniza-
tion from the 6s, 7s, and 8s subshells of cesium. When
his results for B arc plotied versus photoclectron cnergy,
B decreases from 2 to — | as € goes from 0 to ~2 eV,

-

3

8s 95
f = 1.23 + 0,05 g = 052 + 005

‘ 1 \./

2
i 10S 3 125
g = ~0.14 £ 0.15 g = -0.49 + 0.09
2 2
hﬂﬁﬁﬂfﬂﬂﬂﬂiﬂ 1 ﬂ-—.
¥
% n/2 "00 /2 Tn
Polarization Angle, ¢
FIG. 2. Photoclectron angular distributions for s

(1n~8,9,10,12) stales of cesium. Distributions were measured
from 0 to 2x; however, the data from x to 27 arc averaged with
that from 0 to r and shown here. Solid lines are best fits of
data by Eq. (4). Error bars arc | standard deviation for the
average of several angular distributions. The errors in f§ are
1o from the statistica? variance of fit.

Our measurcments for the 85 state agree exactly wiih:ihe
theoretical value calculated using the velocity form of”
the wave function but is ~15% lower than that-calculat-
cd using the length form.

This study represents the first measurements of photo-
clectron angular distributions for excited s states of an
alkali-metal atom. The data clearly show the impor-
tance of spin-orbit effects in the photoionization continu-
um and support the previous theoretical predictions®* of
a Cooper minimum at photoelectron energics just above
the threshold for ionization. Further theoretical calcula-
tions for the simple case of photoionization of s subshells
of alkali mctals are cncouraged. Experimentally, our
program is to usc two lasers, onc to pump the ns states
and the second to photoionize the ns levels at different
cnergics in the continuum. Energy-dependent 8 parame-
ters for an isolated ns state can then be determined as
well as the cnergy dependence of the photoionization
cross section. We are also in the process of performing
experimental measurements on one-photon ionization of
ground state (6s) cesium atoms in order to obtain o(e)
and g(¢).
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Circular dichroism in photoelectron angular distributions for the. 7P 3/, level-of cesium:
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Circular dichroism in photoelectron angular distributions (CDAD) is used to examine the align-
ment of the 7Py, and 7Py, levels of cesium, prepared by absorption of linearly polarized laser ra-

diation.

As expected, the 7Py level exhibits no CDAD, whereas the 7P;; level shows a

significant CDAD signal, although smaller than that predicted by theory. The difference between
experiment and theory is attributed to m, mixing due to hyperfine coupling during the finite ion-

ization time of the laser pulse.

INTRODUCTION

In this Rapid Communication, we report an experimen-
tal observation of circular dichroism in angular distribu-
tions (CDAD) of photoelectrons ejected from an atomic
system. Circular dichroism occurs when the responses of
a system to left and right circularly polarized light are
different. It is often associated with the discrete (bound-
bound) absorption of molecules' that lack a plane or
point of symmetry (i.e., they have a chiral center) and is
most commonly observed as a difference in the indices of
refraction for left and right circularly polarized light.
Studies of circular dichrosim are of considerable interest
in physics, chemistry, and biology because of the frequent
occurrence of chirality in molecules. Bound-continuum
absorption has also been predicted to exhibit circular di-
chrosim,®~7 providing insight into the dynamics of photo-
ionization processes. Circular dichroic effects have been
predicted for angular distributions of photoelectrons eject-
ed from optically active®’ and oriented® molecules. More
recently, Dubs, Dixit, and McKoy® ™' have proposed that
circular dichroism in angular distributions can be used to
probe the alignment of atoms and molecules. Alignment
(or orientation) of an atom or molecule frequently results
from optical excitation using linearly (or circularly) po-
larized light. A convenient way of studying circular di-
chroism in angular distributions from aligned systems is to
perform a two-color resonance-enhanced multiphoton ion-
ization experiment in which excitation with linearly polar-
ized light is used to produce an aligned intermediate level,
which is then ionized using circularly polarized light. The
photoelectron signal is measured as a function of the angle
between the laser polarization used in the excitation step
and the electron collection direction. CDAD is then the
difference between photoelectron angular distributions ob-
tained using left and right circularly polarized light for
the ionization step. The observed CDAD signal contains
information about the alignment of the system under
study. =10

Three recent CDAD experiments have been reported

43

for molecular systems. Appling et al.!' used CDAD to
probe the alignment of NO molecules excited to the
A%* state by linearly polarized light. In a related
CDAD study, Winniczek et al.'? probed the alignment of
ground-state NO molecules produced by photodissocia-
tion of CH;0NO. CDAD for a fixed molecule was re-
ported by Westphal et al.,'> who measured photoelectron
angular distributions for CO molecules adsorbed on a
Pd(111) crystal (where the CO is oriented with the C
atom pointing toward the surface). To our knowledge, no
experimental observations of CDAD for an atomic system
have been previously reported.

Two groups'*!> have reported photoelectron angular
distributions for resonance-enhanced two-photon ioniza-
tion (141) of cesium via the 7P/, and 7Ps; levels, using
linearly polarized light for both the excitation and ioniza-
tion steps. In general, for linearly polarized light, a two-
photon ionization process is expected to yield a photoelec-
tron angular distribution of the form'¢

1(0) =(a/4m)[1 + B2P1(cos@) + B4Ps(cos®)), (1)

where o is the total two-photon ionization cross section,
P, are nth-order Legendre polynomials, and 8, are the
asymmetry parameters. The B, coefficients are deter-
mined by the radial dipole matrix elements involved in the
excitation and ionization transitions and thus cortain de-
tailed information about the photoionization process, in-
cluding the alignment of the intermediate level. If the in-
termediate level is not aligned (i.e., if all m; states are
equally populated), only terms up to second order in the
Legendre polynomial expansion will contribute to the an-
gular distribution. In the case of (1+1) ionization of cesi-
um via the 7P level, the my = £ 1/2 states are equally
populated by absorption of the linearly polarized light and
the level is not aligned. For the 7P3/; level, however, the
[ms]=1/2,3/2 states are unequally populated (only the
my =1 1/2 states are excited) by absorption of linearly
polarized light, resulting in an aligned level. It is expected
therefore that higher-order Legendre polynomials will
contribute to the photoelectron angular distribution for

6437 ©1991 The American Physical Society
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this level. Experimentally, however, it is found'*'* that
the angular distributions observed depend upon the laser-
pulse duration. Using a long pulse length (=400 ns)
flashlamp-pumped dye laser, Kaminski, Kessler, and Kol-
lath'* reported angular distributions for the 7P,/ and
1P3/; levels which were very similar and adequately de-
scribed by Eq. (1) including only the second-order term,
with B,=1.4. Subsequently, Compton et al.'® measured
angular distributions using a nitrogen-pumped dye laser
with a shorter pulse duration (= 10 ns). Their results for
the 7Py, level agreed well with the results of Kaminski,
Kessler, and Kollath,'* with B,=1.3. However, their re-
sults for the 7Py, level differed remarkably from that of
Kaminski, Kessler, and Kollath,'* requiring up to fourth-
order terms to fit the data, with $,==1.56 and 8,=0.69. It
was shown theoretically'® that these differences could be
explained by including the effects of hyperfine coupling,
which causes a reduction in the alignment of the level dur-
ing the finite time of the laser pulse.

In a vector model, hyperfine coupling results from the
electronic angular momentum vector J, precessing about
the total angular momentum vector, F=J+1, where I is
the nuclear-spin angular momentum. This precession
occurs with a characteristic time of the order £ divided by
the hyperfine level separation. When the bandwidth of
the laser used for excitation is greater than the separations
of the relevant hyperfine levels, a nonstationary intermedi-
ate state is produced which is a superposition (partially
coherent) of hyperfine levels. The time evolution of this
nonstationary state results in a mixing of the my, states,
which reduces the initially prepared alignment. Such
effects have been described in detail by Fano and Macek '’
and Greene and Zare.'® The nuclear-spin angular mo-
mentum, /, of cesium is 7/#/2 and the hyperfine coupling
time is of the order of a few nanoseconds. The alignment
measured experimentally will therefore depend upon the
duration of the laser pulse. Varying degrees of disalign-
ment thus provides an explanation for the differing results
of Kaminski, Kessler, and Kollath'* and Compton et al. "’
for the angular distribution of the 7P3/; level of cesium.

In this paper, we present CDAD results for the 7P,;,
and 7P;p levels of cesium, using a Nd:YAG-pumped
dye-laser system (YAG denotes ytrrium aluminum gar-
net) with = 6-ns pulse duration. Our results are in quali-
tative agreement with the theoretical predictions of Dubs,
Dixit, and McKoy.*'® Quantitative differences between
experiment and theory are attributed to hyperfine cou-
pling effects during the laser-pulse duration, which were
not included in the theory.

EXPERIMENT

The experimental CDAD measurements were per-
formed in an atomic beam apparatus with a base pressure
=10~ Torr. A pulsed Nd.YAG-pumped dye laser sys-
tem (Quanta-Ray DCR,PDL) with a pulse duration of
== 6 ns provided the radiation for both the excitation and
ionization steps. The output of the dye laser was linearly
polarized to =98% (using a Glan air prism) and was
tuned to either the 65,,; — 7P;,; or 65, — 7P;,, transi-
tion of atomic cesium. A second laser beam (532 nm,

second harmonic of the Nd:YAG) was circularly polar-
ized (using a quarter-wave plate) and counterpropagated
with the dye laser beam. In order to obtain a high purity
of circular polarization, the polarization of the 532-nm
laser beam (which was linearly polarized at the laser exit)
was further purified using a Glan air prism, then rotated
with a double Fresnel rhomb prior to entering the
quarter-wave plate. Right (or left) circular polarization
was obtained by rotating the input polarization 45° (or
—45°) relative to the quarter-wave plate crystal axis.
The two counterpropagating laser beams were crossed by
a collimated effusive beam of cesium atoms (oven temper-
ature ~130°C) in the center of a time-of-flight electron-
energy analyzer. The time delay between the two laser
pulses could be varied with an adjustable optical delay line
in the dye laser beam. The time delay was set such that
atoms in the ionization volume experienced the full time
duration of both laser pulses simultaneously.

Photoelectrons were collected at right angles to both the
laser beams and the cesium beam and were energy ana-
lyzed by time of flight through a 7-cm drift tube. Stray
magnetic fields were reduced to a value below 1 mG by a
u-metal shield lining the vacuum chamber. Electrons
were detected with a dual channel-plate multiplier (18-
mm diameter) with a concentric-ring anode collector
(inner collector, 8-mm diameter; outer collector, 18-mm
diameter). Data were obtained with the inner collector
which provided a geometric acceptance angle of = 2°,
The collector output signal was digitized using a 100-
MHz transient digitizer (DSP Technologies 2001A) and
transferred via a CAMAC (computer-automated mea-
surement and control) interface to a laboratory computer
(Compaq Deskpro 286).

Photoelectron angular distributiors were measured by
rotating the polarization of the excita on (dye) laser rela-
tive to the electron collection direction, while keeping the
polarization of the 532-nm ionizing laser fixed. Typically,
photoelectron signals were averaged over 100 laser shots
and collected at 9° intervals. For the CDAD measure-
ments, the dye laser was attenuated using neutral density
filters in order to minimize the one-color (1+1) ionization
signal. For all CDAD measurements reported here, the
two-color (1+1') ionization signal was = 100 times that
of the one-color (1+1) signal. In addition, the two pro-
cesses could be distinguished by the difference in electron
flight times (a difference of =30 ns or =0.39 eV). In
order to obtain a CDAD signal, angular distributions were
recorded for both left and right circular polarizations of
the ionizing laser.

RESULTS AND DISCUSSION

The CDAD signal at a given photoelectron ejection an-
gle (relative to the polarization direction of the excitation
laser) is defined® as the difference in signals obtained for
ionization with left (7,) and right (/g) circular polariza-
tions. I pap(8) =1,(0) —1x(6). Experimental angular
distributions for the 7P,,; level of cesium, using left and
right circularly polarized light for ionization, are shown in
Fig. 1(a). As described above, absorption of linearly po-
larized light by ground-state cesium atoms produces equal
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FIG. 1. Photoelectron angular distributions for the (a) 7Py,
and (b) 7Py, levels of cesium, using left (L) and right (R) cir-
cularly polarized light for ionization. Error bars represent one
standard deviation of the signal averaged over several hundred
laser shots,

populations of the m, = = 1/2 states of the 7P/, level and
the atom is therefore (by definition) not aligned. As ex-
pected for a system which is not aligned, the angular dis-
tributions for ionization with left and right circularly po-
larized light are found to be identical and Icpap(6)
equals zero at all angles (i.e., there is no circular di-
chroism). This result, while expected, provided confidence
that (i) a high purity of circular polarization of the ioniza-
tion laser was maintained, (ii) spatial overlap of the two
laser beams remained constant during rotation of the
excitation-beam polarization, and (iii) the (1+1) contri-
bution to the photoelectron signal was negligible com-
pared to the (1+1') signal.

A similar plot of angular distributions for the 7P3, lev-
el is shown in Fig. 1(b). In this case, absorption of linear-
ly polarized light produces an aligned atom (the
|m1r=3/2 and fm;|=1/2 states are not equally popu-
lated) and the angular distributions for ionization by left
and right circularly polarized light are clearly different.
Figure 2 shows the resulting CDAD signal, which has
been normalized to the average of the signals at 6=0 and
xf2:

1.(8) —1r(0)
L) +1(x/2)]1

Note that, by symmetry, 1,(0) =Ix(8)=1(8) at §=0
and #/2. Also shown in Fig. 2 (solid line) are the theoreti-
cal CDAD results of Dubs, Dixit, and McKoy " (using
the same normalization procedure) for ionization with
532-nm light, based upon the theory of Ref. 9. Qualita-
tively, the experimental results are consistent with the
theoretical predictions. the CDAD signal vanishes at =0
and 7/2 and has a characteristic sin(20) angular depen-
dence. However, the magnitude of the experimental

Sn(0)= )

Sy(0)

Angle ¢

FIG. 2. Experimental and theoretical CDAD signals for the
7Py12 level of cesium [normalized according to Eq. (2)]. (®) ex-
perimental (error bars represent one standard deviation of the
signal averaged over several hundred laser shots); (——) theory
(Ref. 19) (without hyperfine corrections); (---) theory including’
hyperfine corrections (as described in text).

CDAD signal is considerably smaller than that of the
theoretical calculations. Theoretically, the CDAD inten-
sity, Icpap(8), is given by '

Icpan(6) ‘; arPl(cos®) , 3) )

where Pj(cos@) are associated Legendre polynomials
and a;, = A4, B;. Here, A, are the state multipole moments
of the angular momentum distribution (which describe
the alignment of the atom) and B;, describe the dynamics
of the photoionization event, including the matrix ele-
ments and phase shifts of the continuum partial waves.*'?
For one-photon excitation from an unaligned ground
state, only 4, (the quadrupole moment of the angular
momentum distribution) contributes to the alignment of
the intermediate level and Eq. (3) reduces to

Icoap(8) = + AxB>sin(26) . 4)

The theoretical result of Dubs, Dixit, and McKoy'® shown
in Fig. 2 (solid line) is based upon Eq. (4) with the as-
sumption that no time elapses between excitation and ion-
ization and hence the alignment (4,) does not change. In
the present experiments, as much as == 6 ns can elapse be-
tween excitation and ionization, As described above and
discussed by Fano and Macek'” and Greene and Zare,'®
the presence of unresolved hyperfine levels (which are
coherently excited) induces a time dependence in the mul-
tipole moments of the electronic angular momentum dis-
tribution. In general, the hyperfine coupling reduces the
alignment initially produced in the excitation step. In the
present experiments, the bandwidth of the excitation laser
is greater than the splitting of the hyperfine levels of the
7P, level and a superposition of these hyperfine levels
(F=S5, 4, 3, 2) is excited. A decrease in alignment caused
by hyperfine coupling may therefore affect the CDAD re-
sults.
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In order to quantitatively estimate the effect of
hyperfine coupling on the CDAD results, the time depen-
dence of A, was calculated using the theory of Fano and
Macek.'"*® In the actual CDAD experiment, each Cs
atom will undergo a different amount of depolarization
depending on the time between excitation and ionization,
and the measured alignment will be a convolution of the
time dependence of the depolarization, the ionization rate,
and the laser power and pulse shape. In order to simplify
the calculation considerably, we calculated the average
value of A in the “long-time limit,”'® which is applicable
when ionization occurs over a time period which is much
longer than the time of precession of J about F. In this
limit, the average value of A is given by '®

5 2 2
(QF+1) {F F 2} | )

(AN =4:0 X 6T

Evaluation of the 6j-symbols and summation over F yields
{41(¢))=0.2194,(0). Therefore the theoretical CDAD
results of Dubs, Dixit, and McKoy, '® which were calculat-
ed assuming 4, =A4,(0), were multiplied by 0.219 to give
the dashed curve shown in Fig. 2. As can be seen, the in-
clusion of hyperfine depolarization (even in the approxi-
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mation of the long-time limit) results in much better, al-
though not statistically perfect, agreement between theory
and experiment. The remaining discrepancy is not supris-
ing in view of the fact that the long-time limit used to ob-
tain Eq. (5) only roughly approximates the 6-ns laser
pulse duration used for the experiments.

We conclude that CDAD is indeed a sensitive method
for measuring the alignment of atomic systems and should
be a useful technique in many areas of atomic and molec-
ular physics. Further experiments are planned to measure
CDAD in the absence of hyperfine depolarization using
high-resolution diode lasers to excite single hyperfine lev-
els of heavy atoms.
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